BEST AVAILABLE COPY 

b.) Remarks 

Claims 21 and 22 have been amended in order to recite the present 
invention with the specificity required by statute. The subject matter of the amendment is 
explicitly disclosed in the specification as filed, inter alia, at page 9, lines 12-22. 
Accordingly, no new matter has been added. 

Claims 21, 22 and 24-33 stand rejected under 35 U.S.C. 1 12, second 
paragraph, as being indefinite for failing to particularly and distinctly claim the subject 
matter regarded as the invention. The basis for this rejection lies in the Examiner's 
contention that treated product of cells necessarily includes separated cell components 
(despite the fact that Applicants are clearly entitled to be their own lexicographer and have 
made abundantly plain on the record what such praseology means). Accordingly, in 
response claim 21 is amended to specify that the treated products are cells (and claim 22 is 
amended to specify that the first treated product is cells). This rejection is mooted. 

Claims 30 and 33 are rejected for lack of biologic deposit. As understood, 
there are still two points remaining concerning this rejection: the availability of plasmid 
pAMoERSAWl and of Namalwa KJM-1 cells. Regarding the latter, the Examiner states 
the cells are available only from Mr. F. Klein. This is not so, these cells were deposited by 
Mr. Klein and are available from the ATCC for $235 (CRL-1432). 1 Regarding the 
plasmid, the Examiner notes that the references discussed previously are not of record and 
such preparation "is not always simple". In response, copies of those references are 
enclosed and are identified on the enclosed Form PTO-1449 (attached at Tab A) together 
with JBC, discussed at footnote 1 . As to whether or not initial production of the plasmid 

1 Such is also taught in J. Biol. Chem., Vol. 276, Issue 5 (Feb. 2, 2001) 3498:507. 
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was simple or not for the inventors who prepared it (c.f., page 8, line 8 of the Office 
Action) such inquiry is off-point; even if the initial preparation was obvious, the procedure 
is now well-characterized, even if a considerable amount of work is involved. Ex parte 
Forman, 230 USPQ 546 (PTO Bd. Pat. App. Intf. 1986). 

Claims 21, 22 and 24-33 are also rejected under 35 U.S.C. 1 12, first 
paragraph, as containing subject matter which was not adequately described in the 
specification for the reasons set forth at pages 9-1 7 of the office action. This rejection, 
frankly, is without basis in law or fact since the terms objected to are explicitly disclosed in 
the specification as filed. Nonetheless, solely in order to reduce the issues, this rejection is 
overcome by the amendment to claims 21 and 22 specifying that the relevant treated 
products are cells. 

As to dependent claims 30-33, the animal cell line may be any recombinant 
cell line, so long as it is capable of expressing a glycosyltransferase. Accordingly, cells 
having special function are not required. Additionally, as to the concern that P 1,3- 
galactosyltransferase gene is not characterized in the present specification, pi,3- 
galactosyltransferases (and methods for obtaining them) are generally known at the time 
the present application was made. See Ovid: Bibliographic Records, attached at Tab A to 
the September 20, 2004 Preliminary Amendment. The specification does not teach, and 
preferably omits, what is well-known in the art. Spectra-Physics Inc. v. Coherent, Inc. 
827F.2d 1524 (Fed. Cir. 1987). 

Claims 21, 24 and 25 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Caputto or Herscovics, either in view of the common knowledge in the 
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art. Claims 22, 34, 25, 27 and 29 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Tochikura in view of Ichikawa, in further view of common knowledge. 
In support of the rejection, the Examiner points out (i) the claims do not recite extracellular 
UDP-glucose production, and (ii) uridine transport was expected. 

This rejection is respectfully traversed in view of the foregoing amendment 
and the following remarks regarding the prior art. 

I. Caputto 

Orotic acid, uracil, orotidine and uridine are compounds which become 
UDP-glucose precursors on the metabolic pathways. However, they are not metabolized 
only for the biosynthesis of UDP-glucose, but are involved in myriad other pathways and 
are metabolized to a multiplicity of disparate compounds ( see the copy of M http://hpv- 
web.lanLgov/stdgen/bacteria/t_pal/images/tp-pyrimidine.html M attached at Tab B). This 
was common knowledge at the time the present application was filed. Also, Caputto 
neither teaches nor suggests that a sugar nucleotide can be efficiently produced by yeast 
using orotic acid, etc. Moreover, such production of the sugar nucleotide was not common 
knowledge at the time the present invention was made. If the Examiner disagrees, 
Applicants respectfully request that they be provided with a reference showing the same or 
an affidavit of the Examiner's personal knowledge in conformity with MPEP §2144.03. 
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II. Herscovics 

Herscovics suggests but does not demonstrate that S. cerevisiae may 
biosynthesize UDP-GlcNAc intracellular^ based on the sugar chain structure. Also, as 
described above, production of a sugar nucleotide using orotic acid, etc. was not common 
knowledge prior to Applicants' invention. 

HI. Tochikura 

Tochikura produce UDP-glucose only using UMP as a precursor, and does 
not disclose or suggest producing UDP-glucose using orotic acid, uracil, orotidine or 
uridine as a precursor. As shown in the attachment at Tab B, orotic acid, uracil, orotidine 
and uridine are not metabolized only to UDP and it was not known, at the time the present 
application was filed, whether any of orotic acid, uracil, orotidine and uridine were 
effective for efficient production of UDP-glucose. 

In view of the above amendments and remarks, Applicants submit that all of 
the Examiner's concerns are now overcome and the claims are now in allowable condition. 
Accordingly, reconsideration and allowance of this application is earnestly solicited. 

Claims 21, 22 and 24-33 remain presented for continued prosecution. 



Applicants' undersigned attorney may be reached in our New York office 



by telephone at (212) 218-2100. All correspondence should continue to be directed to our 
below listed address. 



FITZPATRICK, CELLA, HARPER & SCINTO 
30 Rockefeller Plaza 
New York, New York 1 0 1 1 2-3 80 1 
Facsimile: (212)218-2200 

LSP\ac 

NY_Main 509189J 



Respectfully submitted, 




ha^rence S. Perry ( 
Attorney for Applicants 
Registration No. 3 1 ,865 
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A useful vector, pAGE103, has been developed for the expression of cDNA in 
animal cells using the simian virus 40 (SV40) expression signals. cDNA could be 
expressed easily by inserting it into the multiple cloning sites Cffifadin, Soll/Accl, 
Xbal, BamBl, SmallXmal, KpriLIAspllZ, Sad and EcoBS) of the vector, .which are 
located between the SV40 early promoter and the SV40 early RNA processing 
. signals for splicing and polyadenylation, In addition to the above transcription 
unit, pAGE103 contains the replication origin of ColEl, and a dual Km B /G418 R 
selective gene. Several unique restriction sites are located on the boundaries be- 
tween the above-mentioned three components of the vector, allowing the easy sub- 
stitution or insertion of other genetic elements. The human interferon-^ gene was 
inserted into pAGE103 and shown to be expressed transiently in COS-1 cells and 
stably in several animal cell lines. 



Jn order to elucidate the functions of eukaryotic 
S enetic elements or the gene products themselves, 
is desirable to transfer a cloned gene back into 
^F*' animal cells and examine its functions. For the 
^efficient expression of cDNA in animal cells, a 
Promoter ^ R NA processing signals for splicing 
" and polyadenylation have to be attached to the 
cDNA to reconstitute a transcription unit. Vectors 



*^£| ^ containing such expression signals have been de- 
. J- .p^ L, Veloped for the expression of cDNA and bacterial 
- r: ^ r genes (7). Among plasmid vectors including the 
::4.: S V40 expression signals, the pKCR (2\ pSV2-X 



iochem. 



Abbreviations: SV40, simian virus 40; Km, kanamy- 
cin; MCS, multiple cloning sites; kb r kilobase pairs; bp, 
base pairs; HuIFN-ft human interferon-/?; HSVtk, 
Betpes simplex virus thymidine kinase; DME, !DuI- 
becco's modified Eagle's medium. 



(5), and pcD-X (4) vectors have been widely used 
for the expression of many genes. In these vec- 
tors, a gene is inserted into a specific restriction 
site(s) so as to be expressed under the control of 
the SV40 early promoter. Recombinant plasmids 
containing the replication origin of SV40 can 
replicate in COS cells which constitutively syn- 
thesize the SV40 large-T antigen (J), and enhance 
the transient expression of the inserted gene. For 
permanent expression, a second transcription unit 
of a selective marker gene should be inserted into 
the plasmid, or the plasmid should bo cotrans- 
formed with another plasmid carrying a selective 
marker gene. 

In .this report, we describe a new SV40-based 
expression vector, pAGE103, developed for the 
expression of cDNA in .animal cells. pAGElOS 
has the following advantages over the above- 
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mentioned vectors; i) it contains multiple cloning 
sites (MCS) between the SV40 early promoter and 
the SV40 early RNA processing signals for splicing 
and polyadenylation, and cDNA could be ex- 
pressed easily by inserting it into an appropriate 
restriction site(s) in MCS; ii) it alsa k contains a 
hybrid Tn5-derived Km R /G418 E transcription unit 
as a dual dominantly selectable marker which can 
be expressed in both Escherichia coli and animal 
cells (<5). Thus, pAGE103 carrying cDNA can 
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confer G418 resistance to animal cells; iii) it also 
contains four unique restriction sites (Xhol, EcoKV, 
CldL, and Pvtd), which are located on the bound- 
aries between the components of the vector, allow* 
ing the easy substitution or insertion of other 
genetic elements; and iv) even though it is com- 
pact and has a small molecular size, 4.1 kb, there 
is sufficient containment of genetic elements. The 
usefulness of pAGE103 was proved by its success-; 
ful application to the expression of the human 
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interferon-^ (RuIFN-0) gene. 
■ The construction of pAGE103 is explained in 
detail in Fig. 1. As a first step to obtain pAGE!03, 
pAGE28 was constructed from pHSG274 (6"), a 
oasmid vector containing a hybrid Tn5-derived 
Km&/G418 R gene, pAGE85 was constructed by 
inserting the SV40 early splicing and polyadenyla- 
tion signals derived from a pSV2-X vector, pSV2- 
dhfr, into pAQE28 between the EcoKL-Scal sites 
in MCS. Before inserting the SV40 early promoter 
into pAGB85, a SpKL site in MCS was removed 
by substituting a 14-bp ffln$nL-Satl fragment 
derived from MCS of pUC9 for sequences between 
the Hin&m and Sail sites of. pAGE85, because an 
ATG sequence in its recognition sequence (GCA- 
TGCT) might be recognized as an initiation ATG 
codon instead of an original initiation ATG codon 
derived from an inserted gene according to the 
''scanning model" proposed by Kozak (P). 
pAGB103 was constructed by inserting the SV40 
early promoter derived from pSV2-dhfr into 
pAGE86 between the StuL-ffindUl sites in MCS. 

The utility of pAGE103 for expression of the 
HuIFN-jff gene was examined. The HulFN«j5 
structural gene was excised from pHIF/M2l-3l2 
(11), which contains the HuIFN-0 chromosomal 
gene, by digesting it with HtncH, The resulting 
0.77-kb fragment containing a part of the 5'- 
noncoding region, the HuIFN-£ coding region 
without an intron {IT), and the whole 3'-noncoding 



region was inserted into the Smal site of pAGE103 
to yield a HuIFN-0 expression plasmid, pSElj81-2, 

First, the transient expression of the inserted 
HuJOFN-^ gene in pSEl/91-2 was examined. As 
PAGE103 contains the replication origin of SV40 
and does not contain the so-called "poison se- 
quences" in pBR322 that inhibit plasmid replica- 
tion in mammalian cells (6), pSEl^l-2 can repli- 
cate efficiently in COS cells and therefore enhance 
the expression of the inserted HuIFN-0 gene. 
COS-1 cells and CV-1 cells, which are untrans- 
formed parental cells of COS-1, were transfected 
with pSEl/31-2, and then the levels of HuEFN-0 
were assayed (Table IA). The COS-1 cells trans- 
fected with pSEl^l-2 produced a high level of 
HuIFN-ft while the CV-1 cells similarly transfected 
produced an undetectable level of HuIFN-/9. 

Secondly, the permanent expression of the 
inserted HuIFN-0 gene in pSEl/?l-2 was examined 
in stably transformed cell lines. Various estab- 
lished cell lines of human, monkey, hamster, rat, 
and mouse origin were transfected with pSBl/81* 
2, and 10-10 8 G418-resistant colonies were ob- 
tained through transfection with 10 of the 
plasmid DNA, The levels of HuIFN-0 produced 
by the transformants from each cell line are shown 
in Table IB, Hie levels differed with tHe host 
cell line used, the transfonnant of a hamster cell 
line, BHK-21, exhibiting the highest level. It 
remains to be elucidated what factor(s) caused the 



Fig. 1 . Construction of a cDNA expression vector, pAGE103. pAGE28 was constructed from pHSG274 as follows : 
,i) A 0.87-kb HindUI-NruI fragment containing the Aphage cos region and the ColEl immunity region was removed 
from pH5G274, and then MCS partly derived from those of pUC19 (7) were inserted instead, ii) An jRjoI site, 
which is located on the boundary between the replication origin of ColEl and the Km R /G418 B gene, was con- 
verted to a unique EcaKV site, iii) An McqXI site, which is located in the promoter region of the Herpes simplex 
virus thymidine kinase (HSVtk) gene, and a Smal site, which is located between the Tn5 Km R /G418 B gene and the 
polyadenylation site of the HSVtk gene, were removed to make the BeoBl and Smal sites in MCS unique. pAGE85 
was constructed from pAGE28 as follows. First, pSV2-dhfr (8) was digested with BglU^ and then its cohesive end 
was filled in with E. coli DNA polymerase I Klenow fragment (Klenow fragment). After ligation with an EcoRI 
linker, the DNA was digested with BamHl, and its cohesive end was filled in with Klenow fragment, and then the 
DNA was digested with EcoXJ, The resulting 0.85-kb fragment containing the SV40 early splicing and poly- 
adenylation signals was purified and then ligatcd with EcoXI and Seal-digested pAGE28 to yield pAGE85, pAGE86 
was constructed by inserting a 14-bp Hbidm-Sall fragment derived from MCS of pUC9 {10) between the HtnSHl 
and Sail sites of pAGE85. For the construction of pAGE103, pSV2-dhfr was digested with Pvull and fifrtdln, 
and the resulting 0. 34-kb fragment containing the SV40 early promoter was purified and inserted between the StuI 
and HtndUL sites of pAGE86 to give pAGE103. Only restriction sites which cut pAGE103 uniquely are shown in 
the map for pAGE103, The following abbreviations are used: G4l8/Km, the Tn5-derived G418»/Km» gene; Ap, 
the pBR322 ampiciUin resistance gene; Mo-dhfr, the cDNA for mouse dihydrofolate reductase; PI, the pBR322 
PI promoter; Ptk, the HSVtk promoter; PsvE, the SV40 early promoter; intron(SVE), the intron from the SV40 
small-t antigen gene; polyA(SVE), the polyadenylation signal from the SV40 early gene; polyA(tk), the polyadenyla- 
tion signal from the HSVtk gene; orifcolEl), the replication origin of colEl ; ori(322), the replication origin of 
PER322; ori(SV40), the replication origin of SV40. 
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TABLE I, Production levels of HuIFN-0 in different 
host cells. 

A. Transient expression* 



i^eu type 


HuIFN-£ activity 
(units/10 6 cells. 24 h) 


COS4 


1,000 


CV-1 


<4 


Bi Pennancnt expression 


b 


Cell type 


HuIFN-/? activity 
(units/1 A* ccIIr.2/4 n\ 


HeLa 


436 


CV-1 


1,300 


BHK-21 


9,110 


CHO-K1 


1,290 


Rat2 


1,060 


i^m cue-) 


1,330 



* 3 x 10 c COS-1 and CV-1 monkey cells were transfected 
with 5 fi% of in 0.7 ml of Dulbecco's modified 

Eagle's medium (DME) containing 500 ^g/ml of DEAE- 
dextran {12). After transfectiba for 8 h, the cells were 
washed twice with serum-free DME, fed with DME 
supplemented with 10% fetal calf serum and then 
incubated for 72 h. Antiviral activity of tho HuIFN-0 
in the supernatants was measured by means of a cyto- 
pathic effect inhibition assay (IS) using FL cells chal- 
lenged with vesicular stomatitis virus. One unit of 
HuEFN-0 was calculated by calibration against a 
National Institute of Health (NIH) reference standard * 
for HuEFN-0, catalog number G-023-902-527. t\5 x 10c 
HeLa (human), CV-1 (monkey), BHK-21 (hamster), 
CHO-K1 (hamster), Rat2 (rat), and L-M(TK~) (mouse) 
cells were transfected, respectively, with 10 /*g of pSEl^l- 
2 by the calcium phosphate precipitation technique. 
10-10 8 G418 a transformants were obtained for each 
transfection. They were pooled and grown into mass 
cultures. The antiviral activity of HuIFN-0 in the 
supernatants was measured as described above. 

high expression of the transfected HuIFN-/? gene 
in BHK-21. 

■Recently, a cloning vector called pDSPl, 
which has similar properties to pAGE103, was 
reported (14). pDSPl contains two transcription 
units: the first unit expresses an E, coli galK gene 
using the SV40 early gene expression signals which 
are bordered by MCS, and the second unit ex- 
presses an E. coli xgprt gene as a selective mg^er 
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under the control of the SV40 early promoter and 
enhancer. pAGE103 has the following advantages 
over pDSPl. i) The HSVtk promoter, which is 
located upstream from the G418 R gene, does not 
contain an enhancer, and therefore the SV40 en- 
hancer is the only enhancer located on pAGEl03, 
By substituting different promoters and enhancers 
for the SV40 early promoter and enhancer in 
front of the inserted gene, the relative expression 
in different host cells can be. closely examined, ii) 
The insertion of cDNA into pAGE103 is made 
easier by the existence of a greater number of 
unique restriction sites in MCS and by that there 
is no necessity to replace the other gene, iii) 
The structure of pAGE103 (4.1 kb) is more com- 
pact than that of pDSPl (7.0 kb), and it contains 
a hybrid Km^/G418 R transcription unit as a dual 
selective marker. 

We wish to thank Miss M. Odaka for her excellent 
technical assistance, and Drs. T. Taoiguchi, T. Hashi- 
moto-Gotoh, and M. Oishi and bis colleagues for the 
generous gifts of material. We are also grateful to 
Dr. M. Oishi for the useful discussions, 
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SUMMARY 

Three kinds of improvements have been introduced into the M13-based cloning systems. (1) New Escherichia 
coU host strains have been constructed for the E. coU bacteriophage M13 and the high-copy-number pUC-plas- 
mid cloning vectors. Mutations introduced into these strains improve cloning of unmodified DNA and of 
repetitive sequences. A new suppressorless strain facilitates the cloning of selected recombinants. (2) The 
• complete nucleotide sequences of-the M13mp.and pUC vectors have been compiled from a number of sources, 
including the sequencing of selected segments. The M13mpl8 sequence is revised to include the G-to-T 
substitution in its gene II at position 6 125 bp (in M13) or 6967 bp in M13mpl8. (3) M13 clones suitable for 
sequencing have been obtained by a new method of generating unidirectional progressive deletions from the 
polycloning site using exonucleases HI and VII. 



INTRODUCTION 



Single-stranded DNA isolation has been facili- 
tated by the properties of die single-stranded bac- 
' teriophage M13 (Messing et al. B 1977). though it 
is not a naturally transducing system, recombinant 
DNA techniques have been used to construct a 



Abbreviations; Ac, activator; Ap, ampidHin; B-broth, Bacto- 
tryptone broth; Cm, chloramplienicol; A. deletion; DTT, ditto- 
thrcrtql; EMS, cthylmethane sulfonate; Exo UX and VII, exo- 
audessc IU and VH; HA, hyctoxylamine hydrochloride; IPTG, 
iflOpropyl-^-D-thiogalactopyranoaide; LB, Luria broth; M13UC, 
see RESULTS, section c2; xnoi, multiplicity of infection; piu, 
. plaque-forming units; PHS, primer hybridizatioD Site; R , resist- 
ance; RF, replicativc form; RT, room temperature; Sm, strepto- 
mycin; STE, 10 mM NaQ, 10 mM Tris-HCL pH7.5, ImM 
SDTA; Tc, tetracycline; Xgal, 5-bxomo-4-chloro-indolyI-^r>ga- 
lactopyranoside; YT, yeast tryptone; [], indicates pjaamid- 
carrier state; A, deletion. 

0378-1119/85/503.30 © 1985 Elsevier Science Publishers 



general transducing system where double-stranded 
DNA can be introduced into the double-stranded 
RF of the phage. Upon transfection of appropriate 
host cells, the DNA strand ligated to the ( + ) strand 
of the RF is strand-separated, packaged and secreted 
without cell lysis as a recombinant single-stranded 
DNA phage. 

Although inserts seven times longer than the wild- 
type viral genome have been cloned in M13 
(Messing, 1981), the presence of large inserts can 
cause deletions. Accelerated growth of phage 
containing smaller inserts that arise from deletions 
makes maintaining large-fragment clones difficult 
(Messing, 1983). Differential growth can be observed 
in the plaque-size variety that results from infection 
of M13 clones possessing inserts of >2000 bp. 

With the introduction of a universal primer (Kei- 
decker et al., 1980), M13 was used primarily for 
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the subcloning or shotgun cloning of small fragments 
(for review, sec Messing, 1983). Cloning of 
10000 bp fragments now appears possible with 
deletions occurring less frequently than previously 
predicted. One of the factors interfering with the 
cloning of large fragments is the restriction of 
unmodified DNA. JM103, a restrictionless host 
strain, was developed to circumvent this problem 
(Messing et ah, 1981), but later lost the mutation 
(Felton, 1983; Baldwin, T„ personal communica- 
tion, C.Y.-P. and J.M., unpubl.), and instead 
carried a PI lysogen which also contains a restriction 
and modification system. 

This paper describes the construction and char- 
acterization of a number of new strains developed 
for use with the M13 and pUC cloning vectors* 
Each strain carries a specific set of mutations that 
help prevent various cloning problems. A complete 

TABLE I 

E. coli strains and genotypes 
B. coli strain Genotype 



JM83 

JM101 

JM105 

JM106 

JMI07 

JM10S 
JM10* 

JM110 

DHI 

GM48 

SL10 

mi 

VTC4100. 

SK1592 

7MB 



ara, A(laoproAB), rpsL( = strA), ^80, 
latZAMlS 

supM, thi, A(Jao~pivA$) t [F'« traX)$6 % proAB, 

hcT*ZAMlS] 
thi, rpsL, endA, sbcB 15, hspR4> A(lac-praAB) t 

[F', traD36, proAB, IacI*ZAM\S) 
I, &rA96, thi, hsmi. supZW* rdA.l,A-, 

A(hc-proAB) 
endA 1, gyrA96, thi, hsdR\l y supEM, relA 1, A", 

A(toc-proAB), [F' , traD36> praAB, 

lacI«ZAM\5] 
recAl, endAl. gyrA96 i thi, fodRll, jupff^, 

relA I, A{lac-proAB) 
reUl, endAl, gyrA96, thi, hsdRll, supE4A> 

relA\ t X' t A{la*prcAB), [F\ traDlt, 

proAB, larf*ZAm5] 
rpsL, thr, leu, thi, lacY, galK, galT, ara, tonA, tsx, 

dam, dem, supEAA, A(lae-praAB) t [P\ 

craD36 i proAB, lad*Z AMIS) 
F~ ,recAl,MdAl,gyrA96 i thl ) hsdRl7,supZM. 

relAU *~ 

thr, leu, thi. lacY, galK, golf, ara, tonA, tsx, dam, 

dan, supEM 
mt H, thi, tup*, AQac-proAB), galE, A(pgl-bU>) 
MC4100, recA56, ir7C3OO::Tn70 
araD, rpsL, thi, A{lacIPOZYA)W9 
m t supE, ehdA. sbcB 15, hsdR4 
A{laopraAB), thi, supB, [F', proAB, 

IacI*ZAMl5] 



U8ting of M13mpl8 and pUC19 sequences and 
restriction sites is also presented* The M13mp se- 
quence was compiled from published data (Van 
Wezenbeek et al, 1980; Messing et at, 1977; 1981; 
Farabaugh, 1978; Dickson etal., 1975; Kalnins 
etal., 1983; Messing and Vieira, 1982; Norrander 
et al., 1983). Re-sequencing of pUC was necessary, 
as a number of mutations had been introduced into 
the pBR322 region of the pUC vectors. A new 
method of generating unidirectional deletions from a 
full-length M13 clone of pUC6 by Exo III and VII 
was used for this purpose. The results have been . 
combined with those published earlier (Ruther, 
1980; Vieira and Messing, 1982; Rubin and Sprad- 
ling, 1983; Stragier, P., personal communication). 



MATERIALS AND METHODS 

(a) Strains 

The bacterial strains listed in Table I are E, coli 
K-12 derivatives. SK1592 was obtained from 
Sidney Kushner, DHl from Jurgen Brosius, 
OM48 and HB101 from Raymond Rodriguez, 
and SL10 and TD1 from James Fuchs. Phages 
Xb2c were from Bruno Gronenborn, and fl from 
David Pratt. Strains were tested for relevant 
markers by standard methods and as described 
below. 

(b) Maintenance of strains 

Long-term storage of desired strains was ac- 
complished by mixing 1 ml of a stationary-phase 
culture with lml of glycerol and freezing at 
-70 °C. Bacteria were revived by streaking aliquots 
on appropriate selective media and incubating at 
37 °C. Short-term working strain stocks were 
maintained at -20 °C. Bacteria were revived 
by inoculating 10 ml of broth with 0.05 ml of the 
stock and shaking overnight at 37 °C. Alternatively, 
strains containing the F' from JM101 were 
maintained on glucose minimal plates for 2-4 
weeks at 4°C 

(c) Media 

Bacterial strains were grown in 2YT or LB 
broth (Miller, 1972) supplemented- with 15 /ig/mlTc, 



500 Sm/ml, or 50 pj 
teria were plated on M 
mal medium plus L5 
supplemented with tht 
ml): 1 pg thiamine, 4 
5-fluorocytosine, 40 pf 
and 500 pg Sm. Fusa: 
plus 1.5% agar; Mala, 
medium (Miller, 1972 
yeast extract and 1.4% 
1972), or MacConkeyf 
plates were supplemen 
0.004% Xgal per plate 
stored as 2% and 0.1 : 

(d) Reagents 

Tc, Sm, Cm, Ap, ai 
; nalidixic acid, chlorot 
obtained from Sigm* 
yeast extract, and Ba 
from Difco. Boehrini 
Xgal. Restriction en< 
by Amersham, Bethi 
England Biolabs and 
as recommended by tl 

(e) Transductions 

LysatesofPlCml,c 
by heat induction 
1972). Transductions 
by Miller (1972). 

(f) Matings 

Matings using F' an 
as described by Millei 

(g) Curing of transpos 

Elimination of the 
complished via selec 
andNunn, 1981). 

(fa) Transformations 

Preparation of com] 
by pUC plasmid and 
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1 strains was ac- 
i stationary-phase 
and freezing at 
streaking aliquots 
and incubating at 
•ain stocks were 
ia were revived 
ith 0.05 ml of the 
7*C. Alternatively, ' 
>m JM101 were 
1 plates for 2-4 



, in 2YT or LB 
.with 15 /ig/mlTc, 



500 jig Sm/ml, or 50 /ig/ml Ap when required. Bac- 
teria were plated on M-9 minimal plates (M-9 mini- 
mal medium plus 1.5% agar; Mulct, 1972) and 
supplemented with the following as required (per 
ml): l/4g thiamine, 40 nalidixic acid, 20.1 /ig 
5-fluorocytosine, 40 p% amino acids, 12.5 /ig Cm, 
and 500 jtfg Sin. Fusaric acid medium (Tcs broth 
plus 1.5% agar; Maloy and Nunn, 1981), B-broth 
jnedium (Miller, 1972) supplemented with 0.3% 
yeast extract and 1.4% agar, 1XA medium (Miller, 
1972), or MacConkey plates were also used. B-broth 
plates were supplemented with 0.1 mM IPTG and 
0.004% Xgal per plate. The Xgal and IPTG were 
stored as 2% and 0.1 M stocks, respectively. 

(d) Reagents 

Tc s Sm, Cm, Ap, amino acids, 5-fluorocytosine s 
nalidixic acid, chlorotetracycline, and IPTG were 
obtained from Sigma. Agar, MacConkey agar, 
yeast extract, and Bacto tryptone were obtained 
from Difco. Boebringer Mannheim supplied the 
Xgal. Restriction endonucleases were provided 
by Amersham, Bethesda Research Labs, New 
England Biolabs and PL Biochemicals and used 
as recommended by their suppliers. 

(e) Transductions 

Lysatcs of PlCml, clr 100 andPLwr were prepared 
"by heat induction of lysogenic cells (Miller, 
1972). Transductions were performed as described 
by Miller (1972). 

(!) Matings 

Matings using F' and Hfr strains were conducted 
as described by Miller (1972). 

(g) Coring of transposon 

Elimination of the Tn20 transposon was ac- 
complished via selection on Tcs media (Maloy 
and Nunn, 1981). 

(h) Transformations 

Preparation of competent cells for transformation 
by pUC plasmid and M13 RF DNA (Hanahan, 



1985; Cohen etaL, 1972) was modified by using 
50 mM CaCl 2 and cell harvest at 
0.550-0.720 (0.800-0.890 for JM109). Transforma- 
tion by M13 RF DNA was as described by Hanahan 
(1983) and Cohen et aL (1972) except that the heat- 
shocked cells and DNA were added to B-broth top 
agar, IPTG, Xgal, and 0.3 ml of host cells grown to 
an/* 5SOtlan of 0.720-1.200 (JM109 to 1.200-1.8). No 
antibiotic amplification period was required for RF 
DNA. Transformation of each strain were repeated 
five or more times. 

(i) RF and plasmid DNA preparations 

pUC plasmid DNA was prepared by inoculation 
to an A 556m of 0.050 of 2 x YT medium plus Ap 
with an overnight culture of the plaBmid-carrying 
host strain. The culture was shaken 8-13 h at 37 °C 
before cell harvest. Cm amplification was not 
required of the multicopy pUC plasmid. RF DNA 
was prepared by inoculation of 2 x YT medium to 
an ^sonm ^ 0.05. At ^ 55amn 0.300-0.420, phage 
supernatant was added to an moi of 10: 1, and the 
culture was shaken 8-13 h at 37 °C. DNA was 
extracted by the Birnboim and Doly method (1979) 
and purified on CsCl gradients as described by 
Messing (1983). 

(j) Marker tests 

The restriction-minus and modification-plus 
phenotypes were tested by plating 0. 1 ml of overnight 
cultures resuspended in 1XA buffer plus 0.01 M 
MgSG 4 on B-broth plates. 10 ^1 of the appropriate 
phage Able dilutions (either K-12 modified by 
two serial propagation cycles through JM101 or 
K-12 unmodified by two serial propagation cycles 
through HB101) were spotted on the plates. Plaques 
were counted after overnight incubation at 37 °C. To 
confirm the modification-plus phenotype, an HB 101 
Xblc lysate (K-12 unmodified phage) was propagat- 
ed in the questioned strain for two serial cycles with 
dilutions of the resultant phage lysate plated on 
JM101 and HB101. The HB101 lysate was used 
as a control. No difference in titer was correlated 
with a modification-plus phenotype. 

Phage M13mpl0a containing amber mutations in 
genes I and n (Messing and Vieira, 1982) and 
M13mpl0w with ho amber mutations (Norrander 
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etal., 1983) were tested for the presence of the 
suTL suppressor and the F cpisome that possesses 
mutation lacl q and deletion lacZAMlS. The pres- 
ence of the sull suppressor in F~ strains was con- 
firmed by infection with amber phage T4amN130- 
N82. Tests confirming the lacl* and lacZAMIS 
deletions via blue plaque production required media 
supplemented with Xgal and IPTG as described 
(Messing et aL, 1977). 

Phage G tested for the presence of the traD36 
mutation on the F episome. Unlike Mi3, the traD 
gene product is required for phage £2 propagation 
(Achtman et al., 1971). Phage £2's inability to infect 
an F' strain confirmed presence of the NIH-rccom- 
. mended traD36 mutation on the F\ 

The recA mutation was tested by streaking cells on 
M9 minimal plates and irradiating with a wavelength 
of 254 nm for 90 s at a distance of 22.5 cm (hand- 
held UV lamp model UVQL-25 from UVP, Inc. of 
San Gabriel, CA). As a control, half the agar plate 
was masked with a paper card during UV exposure. 
Cells were then incubated overnight at 37 Q C. UV- 
resistant growth indicated absence of the recA muta- 
tion. 

The dam and dcm mutations in GM48 and JM110 
were confirmed by propagating pUC plasmids or 
M13 phage in these strains for at least two overnight 
culture cycles, isolating the DNA as described 
above, and cleaving the DNA with either Mbol or 
EcoKK. Mbol cleavage correlated with the dam mu- 
tation and EcoKH cleavage with the dcm mutation. 
SauZA cleavage served as a control. 

(k) Construction of JM105 

Spontaneous Sm R mutants of strains SK1592 
were selected for on ininimal media plates 
.containing high concentrations (500jtg/ml) of 
Sm. A chromosomal A(lac-proAB) deletion was 
introduced into SK1592tffc& by crossing with 
SL10 and selected for by growth in the presence 
of Sm, 5-fluorocytosine, and proline. The F' epi- 
some, carrying mutations fraJD36, proAB, and 
lacI^ZAMlS, was transferred to SK1592-^jL- 
A(lac-praAB) by mating with JM101. The resulting 
strain was called JM105 and tested for markers as 
described above. 



(1) Construction of JM106 and JM107 

RecA*, Tc R derivatives of DH1 were obtained 
by transducing DH 1 with P ICmlclr* 100 propagated 
in TD1. The desired transductants, DHl-TniO- 
reed **" , were selected by growth on Tc and nalidixic 
acid, resistance to UV irradiation, and screened for 
Cm sensitivity. 

The A{lac-proAB) chromosomal deletion was in- 
troduced into DHl-TnlO-recA* by mating with 
SL10 and selected for by growth on minimal 
media plates containing nalidixic acid, 5-fluor? 
ocytosine, and proline. Positive progeny were further 
tested, for resistance to UV irradiation- and 
production of white colonies on MacConkey 
plates or B-broth plates plus Xgal and IPTG. 

The recA*, A(lac-proAB), gyrA96 pr6geny were 
tested for retention of the Hsd~ and Su*** (suppres- 
sor-plus) phenotypes. Correct progeny were then 
cured~of the Tn70 transposon by selection on fUsaric 
acid medium. This strain, recA* > A(lac-proAB), 
endA 1, gyrA 96, thi, hsdR 17, supEAA, relA 1, was call- 
ed JM106. JMlQ6(F~)was mated with JM101(F') 
and the F' transfer confirmed by blue plaque pro- 
duction when cells were infected with M13mp< 
lOamber. The final strain was designated JMI07 

(m) Construction of JM108 and JM109 



The RecA" phenotype was introduced into 
JM106 by transducing with.PlWr propagated on 
JC10240 (recA", srl&iTnlO). Progeny were se- 
lected for by growth on Tc, proline, nalidixic acid, 
and 5-fluorocytosine, and screened for inability to 
grow following exposure to UV light. Further tests 
affirmed the Hsd " and Su * phenotypes and demon- 
strated white colonies on MacConkey plates and 
B-broth plates plus Xgal and IPTG. 

Positive progeny were cured of the Tni 0 as before 
and named JM108. JM108 was mated with JM101; 
progeny were tested for the presence of the F'. The 
end product (recAl, endA I, gyrA96 t thi, hsdRll, 
supEAA, relAl, X~ , A(lacproAB), [F', traD36,proAB, 
latf«ZAM15] was called JM109. 

(n) Construction of JM110 

Spontaneous Sm* in GM48 was selected for 
by plating on minimal plates plus Sm. Inability to 



grow without leucine 
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lished in GM4S-rpsL 
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Xgal and IPTG, and 1 
JM110 was the result 
proAB) with JM10I. 
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JM109 

.s introduced into 
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was selected for 
is Sm. Inability to 



grow without leucine or threonine confirmed the 
desired phenotypes, The A(Iac-proAB) was estab- 
lished in GMAZ-rp$L by mating with SL10 and 
selecting for on minimal plates plus proline, 
leucine, 5-fluorocytosine and Sm. 

Correct genotype confirmation was by screening 
for white colony production on B-broth plates plus 
Xgal and IPTG, and by lysis with T4amN130-N82, 
JM110 was the result of mating GM4&-rpsL-A(lac~ 
proAB) with JM101. Infection by M13mpl0amber 
affirmed the F' presence. 

(o) Generation of clones for sequencing 

M13UC RF DNA (2/xg) was digested with 10 
units each of Sstl and BamHl for 1.5 h at 37 °C 
Next, 0.12 vol. of 80 mM EDTA, 0.4 vol. of 5M 
NH 4 « acetate and 2 vols, of isopropanol were 
added; after vortexing and RT incubation for 
15 min, the DNA was pelleted by ccntrifugation at 
9000 x g for 5 min. The pellet was carefully washed 
with cold 70% ethanol-water and dried under 
vacuum. It was resuspended in 40 jU Exo HI buffer 
(50mM TriS'HCl pH 8, 5mM MgCl 2 , ImM 
DTT), 8 units of Exo HI were added, and it was 
incubated at 37 °C for 20 min, with 2^1 aliquots 
removed at 1-min intervals to a tube on ice containing 
2 fd of 1-0 x Exo VII buffer (500 mM K • phosphate, 
pH7, 80 mM EDTA, 10 mM DTT). Two tubes, 
each containing the pooled aliquots from a 10-min 
time period, were thus generated. Then 0.1 unit of 
ExoVII was added to each, and the tube9 were 
incubated at 37 0 C for 45 min, and then at 70 ° C for 
15 min. Next, 1.5 yl 0.2 M MgCU 0,5 units large 
fragment DNA polymerase, and 1 /d of an 8-mM 
solution of dATP, dCTP, dGTP, TTP were added 
and incubated at RT for 30 min. To a 5-jd (200 ng 
of DNA) aliquot were added 5 fil 10 x ligation bufler 
(250 mM Tris ■ Ha pH 7.5, 100 mM MgCl 2 , 25 mM 
hexamine cobalt chloride, and 5 mM spermidine), 
5 /il 10 mM ATP, 2.5 fA 0.1 M DTT, and 2 units 
DNA ligase and the volume was adjusted to 50 /d 
with H 2 0. After a 3-h incubation at RT, the DNA 
was precipitated as described above, The pellet was 
resuspended in 40 pll STE (10 mM NaCl, 10 mM 
Tris • HQ, pH 7.5, and ImM EDTA) and 10/xl 
were used to transform JM105. 

Template preparation, sequencing reaction, gel 
electrophoresis, and data analysis were as described 



(Carlson and-Messing, 1984; Messing, 1983; Larson 
and Messing, 1983). . 



RESULTS AND DISCUSSION 
(a) £. coll hosts 

(1) Conjugation mutants 

The male-specific E. coU bacteriophage M13 re- 
quires an F episome for infection of host cells. 
Current NIH guidelines regarding the use of recom- 
binant DNA discourage the use of 2T. coti strains 
carrying conjugation proficient plasmids like the F' 
episome (Federal Register, 1980). Since the tra ope- 
ron controls conjugation (Achtman et al., 1971), tra 
mutations have been isolated on F'foc DNA epi- 
somes to develop conjugation deficiencies that still 
allow infection by M13. M13 vector utility is also 
based on proper ^-complementation between the 
phage and host /?-galactosidase gene, A host strain 
containing the A(lac-proAB) deletion on the chromo- 
some and an Y'lac possessing the tra mutation and 
lacAMIS deletion was constructed and named 
JM101 (Messing 1979). JM101 has a suppressor 
that permitted growth of M13mp7, 8, 9, 10, and 11 
phage that contain amber mutations in genes I and 
E (Messing et al., 1981; Messing and Vieira, 1982). 

(2) Restriction mutants 

A restrictionless host strain that facilitated cloning 
of unmodified DNA was constructed and called 
JM105. As described in Materials AND METHODS, 
section k, the AQac-proAB) chromosomal deletion 
was introduced into SK1592 via an Hfr cross. 
Although conjugation of F' with the traD36 muta- 
tion was reduced by a factor of 10^ 5 , the leaky muta- 
tion allowed conjugation at a reduced rate. There- 
for©, JM101 was used as a donor for the F' 
traDl6AproAB iacI^ZAMlS episome in mating ex- 
periments by using the complementation of proline 
as selection and drug resistance as counterselection. 
The resulting strain did not contain the supE muta- 
tion of JM101, so it permitted growth of wild-type 
M13mpl0, 11, 18, and 19, but not of the amber 
mutants. This provides selection for transferring 
inserts from an M13 amber phage into a wild-type 
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M13 vector and for obtaining M13 recombinants 
with inserts in the opposite orientation (Carlson and 
Messing, 1984). Since JM105 is T~m+ t any unmodi- 
fied DNA cloned directly into wild-type M 13 vectors 
and propagated in JM105 is modified but not 
restricted. The relevant markers have been tested as 
shown in Table n. 



TABLE II 

Marker tests 
(a) Testing for the Bed 



(3) Recombination mutants 

E, coU K-12 restriction was not the only cause for 
reduced efficiency in cloning larger DNA fragments 
(>2000 bp) into M13; another source of instability 
was recombming sequences. Since recA mutations 
reduce recombination, a host with a recA mutation 
would be useful. A new recA, r~m + , sull host for all 



and Su + phenotypca. 

Abie propagated in modifying JMi01> or unmodifying KB101 for two serial cycles was spotted on lawns of questioned strains and 
incubated at 37 g C overnight The JM 101 -modified and restricted Xb2c was able to efficiently infect r*m* strains, while HB101 
unmodified and unrestricted Xblc phage was destroyed in r^m**" strains. Amber phage T4amN13G-N82 was spotted upon lawns of the 
strains in question and incubated at 37 ° C overnight Only strains possessing the mil suppressor gene support growth of the amber phage. 



Phage 


Phage dilution 


Number of plaques on E, coU strain: 










r*m* 
JM101 


rrm + 
JM105 


r~m + 
JM106 


I'm* 
JM108 


Ab2c propagated in 
HB101 (r~m-) 
(1 x 10 9 pfii/ml) 


10-* 

10-* 


40 

0 { 
0 


lysis 
lysis 
8 


lysis 
lysis 
18 


lysis 
lysis 
5 


Xblc propagated in 
JM101 (r-m + ) 
(1 x 10 s pfu/ml) 


io-* 

10-* 

io- 6 


lysis 
0 


lysis 
lysis 
0 


lysis 
lysis 
1 


lysis 
lysis 
0 


T4amN130-N82 propagated in 


io-* 


lysis 


0 


lysis 


lysis 



JM101 

(1 X 10 10 pfti/ml) 



(b) Testing for F', traDtt, lad% IacZAMlS, and for Su + , Had, Rec~, and Qyr phenotypes. 

Infection of plate lawns by spotted dilutions of amber phage M13mpll + Xgal and +/- IPTQ demonstrated presence of the suU 
suppressor gene and the need for IPTG induction of the lacZ gene for proper blue plaque production. Phage f2's infectious incapablBty 
indicated presence of the traD36 mutation in the host strain. Tests for r " and m " were as given above in Table Ha. Plates of freshly 
streaked cells wore subjected to UV irradiation to test for the RecA phenotype. Strain growth on plates containing nalidixic add affirmed 
the presence of the gyr mutation. 
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Plaques on E. coli strain* 





JM101 


JM105 


JM107 


JM109 


Infection with M13mpll amber 










+ Xgal + IPTG 


blue 


0 


blue 


blue 


+ Xgal alone 


clear 


0 


clear 


k clear 


Infection with £2 


0 


0 


0 


0 


Test tor r " 




+ 


+ 


+ 


Test for m ~ 










Growth after UV exposure 11 


+ 


+ 


' + 




Growth on nalidixic aotd a 


0 


0 
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M13 vectors was thus constructed, Strain DH1, 
developed for high transformation efficiencies (Ha- 
nahan, 1983), was selected as the initial strain 
because it possessed a recA, hsdR 17, supEM geno- 
type and high transformation efficiency. The recA 
mutation was transduced to recA* (Csonka and 
Clark, 1978) to permit deletion of the AQac-proAB) 
region producing JM106. After introduction of the 
F' from JM10 1, the resultant strain JM107 could be 

. used in the same manner as JM101 for infection by 
amber or wild-type M13 or by the pUC plasmids. PI 

. transduction of JM106 restored the recA 1 mutation 
and produced strain JM108. The introduction of 
JMlOrs episome into JM108 produced JM109. All 
four DH 1 derivative strains, JM106, JM107, JM108, 
and JM109, have been screened for the correct 
r~m + and $uU phenotype, and JM107 and JM109 
have been tested for the ^M15 deletion, the lacl q and 
traJO mutations (Table II). 

(4) Applications 

These new strains broaden applications of the 
Ml3mp and pUC plasmid vector systems. JM106 
and JM108 may prove useful as hosts for cosmid 
libraries, because deletion of the chromosomal lac 
DNAcan prevent background hybridization. JM109 
could be useful as the host for cDNA libraries 
(Helfinan etal., 1983; Heidecker and Messing, 

TABLE HI 

Transformation efficiencies of pUCIS and M13 RF DNAs 



1983) and for examining the expression of mutant 
proteins in E. colt Transformation efficiencies of all 
strains have been tested by the transformation proto- 
cols of Cohen et al. (1972) and Hanahan (1983). All 
strains apfproximated the efficiencies of standards 
DH1 and 71-18, with JM107 and JM109 proving to 
be slightly higher (Table III). Higher transformation 
efficiencies have been reported (Hanahan, 1983) and 
may be possible for these new strains. This work 
attempted only to ensure that under defined trans- 
formation conditions the new strains gave the same 
transformation efficiencies as the parental strains. 

JM109 has proven useful by virtue of its recAl 
mutation. Plasmids form multimers when propagat- 
ed in recA + strains like JM83 (Bedbrook and Ausu- 
bel, 1976). JM109 maintains pUC species of a 
unique size whether monomer or multimer. The 
recAl mutation destroys the mechanisms for the 
recombination and/or replication events that pro- 
duce the multimers. 

Although it is not possible to predict whether large 
fragments cloned into M13 and grown in JM109 will 
experience fewer deletions than when propagated in 
JM101, the following observations have been made. 
When a 4.5-kb fragment of the maize-controlling 
element activator (Ac) was cloned in M13 and pro- 
pagated in JM107, deletions were found to extend 
from the Ac sequences into M13 sequences near the 



Method 


Transformants per \x% pUCIS DNA a 
employing E. coli recipient strain: 








DH1 


JM10S 


JM107 


JM109 


CaCi*. 
Hanahan 


4.2 x 10* 

6.3 x 10* 


8.2 x XO 6 
3.9 x 10 s 


5.3 x 10* 

1.4 x 10 7 


1.0 x 10* 
1.2 x 10 7 




Method 


Transfonaaatfl per /ig MI3 RF DNa* 
employing £. coli recipient strain: 








71-18 


JM105 . 


JM107 


JM109 


CaOa 
Hanahan 


7,3 X 10* 
3.0 x10 s ' 


3.9 x 10 s 
12 x 10 s 


2.6 x 10* 
2.0 X 10« 


3.4 x 10 s 
1.9 x 10« 



9 Transformation with the plasmid or Ml 3 RF DNA into specified host strains, as to compare the traditional CaO ? method (Cohen 
et al, 1972) with the Hanahan (1983) protocol. 
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M13 origin of replication (Pohlman, R. and Messing, 
J., unpubl.). It should be noted that the Ac element 
contains numerous direct and indirect repeats in 
regions of low and high G + C contents (Pohlman 
et al. s 1984). When the 4.5-kb Atfl-AmHX Ac frag- 
ment is cloned into M13 and grown in JM109, stable 
recombinants have been recovered and no deletions 
have been detected over numerous generations (not 
shown). 

(5) Methylation • 

Other E. coli mutations useful for recombinant 
DNA amplification are DNA methylation defi- 
ciencies, For example, Mbol and Bell can cleave 
DNA propagated in a dam" E. coli strain while 
EcoJZH restriction requires the absence of the dem 
product (for review, see Roberts, 1983). If DNA is 
propagated in E. coU strains lacking the A and C 
methylases, it is unmodified and can be cleaved by 
MboltBctl, andJScoRH. GM48 contains these muta- 
tions, but lacks the A{lac~proAE) deletion and the F' 
traD36 proAB latf*ZAMl5 episome required for 
Ml3mp and pUC vector use. Strain JM110 was 
developed to be dam~ dan" by introduction of the 
A{lac-proAB) deletion and JM101 episome into 
GM48. The dam and dem mutations have been 
tested as described in materials and mjsthods, 
section j (not shown), 

(b) M 13 phage rectors 

Since many specific constructions depend on 
the knowledge of the vector restriction map, the 
nucleotide sequences of Ml3mpl8 and pUCl9 
have been compiled and reprinted here. The wild- 
type sequence of Ml 3 has been determined by 
Van Wezenbeek etaL (1980), Ml3's unique 
HincTL site was used as the sequence reference 
point. Following this reference, the C in position 
3 has been converted to a T to eliminate the 
ffinoTL site, the G (2220) converted to an A to 
eliminate the BamHL site, and the C (6917) con- 
verted to a T to eliminate iheAccl site and introduce 
the BgUl site (positions are for wild^type M13) 
(Messing et al., 1981). The lac HindU fragment has 
been inserted into the Bsul site at position 5868 
(Messing et al., 1977). The lac sequence has been ' 
compiled from the fcc/gene (Farabaugh, 1978), the 
lacZpo region (Dickson etaL, 1975), and the lacZ 
gene sequences (Kalnins et ah, 1983). M13m P 18 and 



M13mpl9 lack the double amber mutation that 
Ml3mpl0a and M13mplla had (Messing and 
Vieira, 1982) but do possess two complementary 
polylinker regions in the lac Z gene (Nforrander et al., 
1983). The junctions of be DNA and M13 DNA 
were as predicted from the restriction sites used for 
cloning the lac HindTl fragment into the Bsul site at 
position 5868. The junction sequence at the lacZ 
gene led to an early ochre termination codon that 
produced ate « fragment of 168 amino acid 
residues; 18 of them represent the polylinker region. 
The resulting sequence of Ml3mpl8 is presented in 
Fig. 1. 

(c) Hie pUC plasmids 

(I) Construction 

The lac HaeU fragment inserted into pBR322 
produced a shorter « peptide than that in M13 
(Ruther, 1980), yet active. The pBR322 sequence has 
been modified by removing the EcoRl-PvuH frag- 
ment containing the Tc resistance gene via a fill-in 
reaction and blunt-end ligation. The predicted regen- 
eration of the EcoJtl site failed to occur when 
sequencing data revealed that the deletion extends 
across nucleotides 4355-1-2072. Similar findings 
were reported by Rubin and Spradling (1983) and 
Stragier, P. (personal communication). Restriction 
sites were removed from the intermediate plasmid in 
the following way, EMS mutagenesis resulted in a 
GC to AT transition in the Pstl site at position 3610 
(positions are for pBR322) (Vieira and Messing, 
1982), Hydroxylamine treatment converted another 
GC to AT in the HincTl site at position 3911. The 
Accl site was eliminated by BAL31 digestion of 
nucleotides 2210-2250. The lac sequence was insert 
ed at the HaeTL site at position 2352. The lac 
sequence was oriented in the same direction as the 
bla gene coding for ^-lactamase. The fusion of the 
lacZ sequence to the pBR322 DNA at the HaeU site 
alposition 2352resulted in an apeptide of 107 amino 
acid residues, 19 encoded by the polylinker region at 
residue 5. Translation was terminated by the UAG 
termination oodon, which was suppressed in the 
supE strains. In supE strains the peptide was 15 
amino acids longer and terminated by an VGA 
codon, These small fusion peptides were very 
unstable in K coli and detectable only through the 
highly sensitive complementation test with Xgal. The 
nucleotide sequence and restrictionsmap for pUC19 
are given in Fjg, 2. 
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(2) Sequencing with new method 

Since the pUC plasmids have been mutageniaed 
with EMS, HA 3 and treated with BAL31 before 
introducing the lac DNA into the pBR322 backbone 
molecule, the pBR322 portion o£pUC6 (Vieira and 
Messing, 1982) had to be resequenced. Earlier se- 
quencing experiments were based on M13 shotgun 



Cleavage at 
site A leavlna 
recessed 3' end 



A restriction 
A enzyme sites 
Primer hybridisation site 



Cleavage at site 
a leaving protruding 
y end 




(3) 



Exo VII 




(4) 



Transfonnatldn 

Pig. 3. Method for generating unidirectional deletions. Details of 
the procedure are as follows: (1) Vector is digested with restric- 
tion enzymes a and b. Enzyme .a leaves a 4-bp 3' overhang that 
is resistant to Exo HI and protects the FHS site. Enzyme b leaves 
a recessed 3' end that is sensitive to Bxo in and exposes the 
insert to digestion. (2) The DNA is treated with Exo in for 
0-20 min and aliquots removed at 1 min intervals. This generat- 
ed random insert deletions while leaving the FHS intact: (3) 
Exo YH removed the-aingle-atrandcd DNA region left by Bxo in. 
(4) The digest was treated with DNA polymerase I to ensure 
formation of blunt-ended DNA. DNA ligase was added to 
reciroularize the various deletion products, leading to increas- 
ingly smaller circles with the PHS in the same position. 



sequencing of pUC6 (Hailing, S., Abbot, A. s Kridl, 
J. and Messing, J., unpubl.). Because the asymmetric 
M13 polylinkers (Vieira and Messing, 1982) could be 
used to make unidirectional deletions, a different 
approach of generating pUC6 subclones for se- 
quencing was tested. The polylinker permitted clea- 
vage of the pUC plasmid or the M13 RF by two 
restriction endonucleases, one producing a 3' pro- 
truding end like Pstl> the other a 5' protruding end. 
Since Exo III was double-strand-specific and requir- 
ed a 3 'OH end, the Pstl end was not accessible to • 
this enzyme* These features simplified the nonran- 
dom sequencing approach based on BAL31 treat- 
ment described below (Poncz et al, 1982) and illus- 
trated in Fig. 3. The method included the following 
steps: (la) pUC6 was linearized with Ndel t and the 
ends were made flush with the large fragment of 
DNA polymerase and inserted at the HincTL site of 
M13mpl9 to make M13UC. This produced, 
between the inserted DNA and the PHS, a unique 
Sstl site proximal to the PHS and a unique BamUl 
site distal to it. (lb) M13UC RF was digested with 
Sstl mdBamUL Sstl leaves a 4-bp 3' overhang that 
is resistant to Exo III and protects the PHS from 
digestion. BamUl leaves a recessed 3' end that is 
sensitive to Exo III and exposes the insert to diges- 
tion. (2) The DNA was treated with Exo III for 
0-20 min. Aliquots were removed at 1-min intervals. 
This time course generated random insert deletions 
while leaving the PHS intact. (3) The single-stranded 
region of DNA left by Exo m treatment was 
removed with Exo VII. Since only Exo VII is active 
in the presence of EDTA, addition of Exo III 
time-course aliquots to a tube containing Exo VII 
buffer plus EDTA proves a convenient way to stop 
the Exo III reaction. (4) To ensure formation of 
blunt-ended DNA, the digest was treated with DNA 
polymerase I. DNA ligase was added to recircularize 
the molecules, which were then used to transform 
JM105. (5) Phage isolated from transformed cells 
were used for direct gel electrophoresis (Messing, 
1983) to determine clones of appropriate size for 
sequencing (Fig. 4). 

The Exo III, Exo VII, polymerase, and ligase 
reactions were performed sequentially by adjusting 
reaction buffers. Alternatively, it was possible to 
protect the PHS from Exo m digestion via S-NTP 
incorporation by DNA polymerase at a recessed 3' 
end proximal to the PHS left by restriction endo- 
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Fig. 4. Mapping of the deletion mutants. Since the position of 
the PHS is unaltered and all deletions occur only at the opposite 
end, deletion point* are mapped by recombinant phage mobility 
changes indicated by agarose gel electrophoresis. After exo- 
nucleasc and ligase treatment, the DNA is transformed into 
JM105. Plaques arc picked from each transformation experi- 
ment, grown in small cultures, and supernatant phage used 
directly for agarose gel electrophoresis as described (Messing, 
1^83). A pioture taken of the agarose gel was used to draw a 
physical map of the sequenced olonea. The first and last lanes 
(unmarked) contain untreated M13UC1 and M13mpl9, respec- 
tively; the other lanes are labeled alphabetically and represent 
individual clones. Nine clones from this gel were used to prepare 
a template for sequencing as described in MATERIALS AND 
METHODS, section o. The sequence has been entered into an 
Apple II computer and analyzed using the programs of Larson 
and Mcaahig (1983). The deletion points are marked in the map 
by the agarose-gel-derivcd clone name. The map has been drawn 
with reference to the Ndel sites used to clone pUC6 into the 
Htncll site of M13mpl9. The nucleotide numbers m the map arc 
taken from the reverse complement of pUC6, referred to as 
pUCCV. 



nuclease digestion (Putney etal, 1981; Vieira, J., 
unpublished results). Cleavage of a site distal to the 
PHS was then needed to generate an unprotected 
recessed 3' end for Exo m treatment. The consecu- 
tive steps are outlined in Fig, 3, 

This approach resembles that described by Poncz 
et al. (1982), but hastens the construction of recom- 
binant M13 phage needed for sequencing. As oppos- 
ed to bidirectional deletions, the creation of unidi- 
rectional deletions precludes the need for recloning 
DNA fragments. The speed by which recombinants 
can be obtained resembles that of shotgun cloning. 
Ordering clones on a physical map is simple (Fig. 4), 
so the redundancies and gaps typical of shotgun 
sequencing are avoided. Hence, the following se- 



quencing approach to larger DNA segments is used. 
Restriction sites present in the polycloning sites of 
M13mpl8 and M13mpl9 are used to clone restric- 
tion fragments in both orientations: Fragments need 
to be inserted such that between the PHS and the 
insert there exist two unique restriction enzyme sites. 
The restriction enzyme site proximal to the PHS 
must produce either a 4 bp 3 ' overhang or a recessed 
3' end. The other should leave a blunt or recessed 3' 
end next to the insert. Each clone pair representing 
both orientations is then subjected tq Exo m and 
VII treatment. The optimum insert size for nuclease 
treatment is 2000^5000 bp. Also, the Exom unit 
activity of different commercial preparations can 
vary, necessitating the calibration of each enzyme 
lot. This is accomplished by the electrophoresis of 
DNA samples taken at two time points from an 
ExoHI reaction on an agarose gel for size analysis. 
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Long Terminal Repeat of Friend-MCF Virus Contains the 
Sequence Responsible for Erythroid Leukemia 
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Friend-MCF virus induces erythroid leukemia when injected into newborn NFS mice 
whereas Moloney virus induces T-cell lymphoma. To identify the portion of Friend-MCF 
virus responsible for erythroid leukemia induction four im vitro recombinant viruses 
were constructed in which env regions or US regions of LTR were reciprocally exchanged 
between Friend-MCF and Moloney viruses. A FrMCF-Mol (LTR) virus whose genome 
was. derived primarily from Friend-MCF virus together with 621 nucleotides of Moloney 
virus at its 3' end including the 113 region of LTK was a thymic lymphoma-inducing 
virus. A Mol-FrMCF (LTR) virus with the genome derived primarily from Moloney 
virus but 596 nucleotides of Friend-MCF virus information at the same region aa 
FrMCF-Mol (LTR) was an erythroid leukemia-inducing virus. A Mol-FrMCF (env) virus 
whose genome was derived -primarily from Moloney ^virus but which had 2.S kbp of 
Friend MCF at the 3' end of the pol gene including most of the env gene with all of 
p70 and the N terminal of pl£E was a lymphoid leukemia-inducing ce Il focus- 
inducing virus. FrMCF-Mol (env) virus whose genome was derived primarily from 
Friend-MCF virus but had 2.? kbp of Moloney virus at the same region .as Mol-FrMCF 
(env) virus was an erythroid leukemia-inducing ecotropic virus. The Mol-FrMCF (LTR) 
and Mol-FrMCF (env) viruses induced mixed leukemia of erythroid and lymphoid cells 
in some mice. <£> 1985 Academic Pros*, Inc. 
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There are two proposed mechanisms of 
tumorigenesis by murine leukemia viruses 
(MuLV) both of which seem to be possible 
rather than alternative: (1) the activation 
of some cellular gene by insertion of the 
viral transcription regulatory elements 
near the cellular sequence, (2) env gene 
or em?-related gene products may play a 
role in tumorigenesis by the virus. Oliff 
and Ruscetti (1983) showed that a 2.4-kbp 
fragment of the Friend virus genome con- 
tains the sequences responsible for Friend 
murine leukemia virus-induced erythro- 
leukemia, when the 2,4-kbp fragment is 
inserted into amphotropic MuLV. This 



all of the gp70 and the N terminal &^ifflC! 1 a ^ e# a T*** 1 * 
fifths of plBE. ? re ^ tat !! 

Their recombinant gave only 25% ia^ffi* * a , 70 ? u etl 
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latent period than the starting Fr-MiftYs Eft ? lg 
However, other results obtained trom-f&MxZ b y.electropho; 



vitro recombinant virus between moleMg 
larly cloned oncogenic and nononcoi 
virus (Lenz et al, 1984) and between 
ruses with different pathogenesis W 
Groseillers, 1983) have shown that 
LTR has an important role in thyngE| 
lymphomagenesis, especially in deter] 
ing the target tissue of the virus. Ch* 
et al (1983) showed that a recombia^ 



fragment encompassed approximately 700 whose genome is derived primarily tstim 
bp from the 3' end of the Friend virus pol Friend virus but contains the LTB^ 
gene and 1.7 kbp of the env gene including 
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Moloney virus induces almost exclustf! 
thymic lymphomas, inspite of the pr^L* 
of Oliffs 2.4-kbp fragment. DeGrosaB® 
et aL (1983) also showed that the thyfljj 
tropism of MuLV is conferred by its 
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jefr sequence data suggested that 
%g tandem direct repeat was regpon- 
h for this effect. Lenz et at (1984) 
jsted that the enhancer region se- 
nses &r e the major determinants of 
ejnogenicity in leukemogenic virus 
Itted from AKR mice. 
~ie present study was aimed at deter- 
flg whether the erythroleukemogen- 
;viras also determined by the LTR 
jlar to thymic lymphoma genicity. Ge- 
! information for cytopathic effects of 
cell focus-inducing (MCF) virus are 
^described. 

MATERIALS AND METHODS 

^Viruses. Infectious DNA clones (Adachi 
l&, 1984) of Friend-MCF virus (Ishimoto 
jjfcjlp 1981) were subcloned into pBR322 
! |fee EcdSl site and designated Ep-1 and 
p-Z. Ah infectious DNA clone of ecotropic 
[oney virus was obtained from Dr. 
iaberg of MIT (Hoffmann et al, 1982). 
tt-was resubcloned into pBR322 at the 
II site in our laboratory and desig- 
^ ; dMolp-l. 

WS^ticbkm enzymez and digestion DNA 
^digested with 2 U of enzyme/fig DNA 
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titer the buffer conditions specified by 
^manufacturer, For more than one 
lavage, a restricted DNA sample was 
anol precipitated, and the pellet was 
"*ed in 70% ethanol, air dried, and 
impended in the reaction buffer of the 
iond enzyme. Digested DNA was ana- # 
A by electrophoresis at 30 V on 0.7% 
ise horizontal slab gels. The standard 
marker mixture consisted of DNA 
igments ranging from 23.7 to 0.10 kb 
"was prepared by the product of 
Mill- or SeoRI-cleaved XDNA. 
r 'Onsfriudion qf DNA recornbinants in 
Per subclouing, about 10 /xg of var- 
^us subclones were cleaved with restric- 
.uon endonucleases. The digestion condi 



ved primarily frqiii Rl° na USed were those recommended by 



*e suppliers (Takara Shuzo Co, Ltd., 
•Kyoto, Japan and Toyobo Co. Ltd., Osaka, 
pan )- The desired fragments were sep- 
aent. DeGroseillerB^ arated from 0,7% low-melting-point aga- 
sd that the thyn>^;./f^f (Bethesda Research Lab, Md.) gel 
nf erred by its LTjg ■ uncter the conditions specified by. the sup- 



plier. These fragments were then ligated 
to cleaved pBR322 with T4 DNA ligase 
(Takara Shuzo Co. Ltd. Kyoto) at 12° for 
20 h in 10 jri of a solution containing 50 
mM Tris-hydrochloride (pH 7.5), 10 mM 
MgCl 2 , 20 mM dithiothreitol, and 1 mM 
ATP and used to transform R cdi HB101. 
Colonies were screened by the alkaline 
lysis rapid isolation method (Birnboim 
and Doly, 1979). Positive clones were 
grown in mass culture. Plasmid DNA was 
extracted and molecularly characterized 
by excising the insertion with the appro- 
priate restriction endonucleases using 
agarose or polyacrylamide gel electropho- 
resis. 

Tmnqfectiotu Viral inserts were cleaved 
from the subclones with the appropriate 
restriction endonuclease and separated 
from 0,7% low-melting-point agarose gel. 
Viral DNAs separated from pBR322 were 
ligated with T4 DNA ligase. Ligation was 
confirmed by the ethidium bromide stain- 
ing of the gel, most of the DNAs were 
converted to circular or linear dimers, and 
several unknown forms of higher molec- 
ular weight DNA. Thereligated DNA was 
then transfected onto 6-cm plates con- 
taining NIHST3 or SC-1 cells by a modi- 
fication (Wigler et aL, 1979) of the original 
calcium phosphate precipitation method 
(Graham and Eb, 1973). 

CeUs and virus assays. SOI cell (Hartley 
and Rowe, 1975), NTH3T3 (Todaro apd 
Green, 1963), mink lung cell ATCC CCL- 
64 (Henderson et aL, 1974), mink S+L- 
cells (Peebles, 1975) were grown in heated 
5% FCS in the Dulbecco-Vogt modification 
of EMEM. XC cells were grown in heated 
10% calf serum in EMEM. 

Ecotropic virus infection of mouse cells 
was determined by the XC-plaque assay 
(Rowe et aL, 1970), Dualtropic MCF virus 
assays were performed with the focus 
assay in the mink S+L- cells or the 
"focus" in mink lung cells. Phenotypically 
mixed virus was assayed as described 
previously (Ishimotp et aL, 1977, 1981). 

Mice, NFS mice are an inbred strain 
from an NIH Swiss mouse originally sup- 
plied by the animal production section of 
the NIH. A continuous single line was 
maintained in our laboratory by sibling 
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mating. The recovered MCF virus (0.2 ml) 
(10* S+L- mink ceil FFU/mouse) har- 
vested from mink, cells and 0.2 ml of the 
recovered ecotropic virus (10 6 XC PFU/ 
mouse) harvested from SOI cells were 
inoculated intraperitoneal^ into newborn 
NFS mice, 

RESULTS 

In Vitro Construction qf Recornbirumt Viral 
DNAs in Which the LTR Begums Were 
Reciprocally Exchanged between Eco- 
tropic Moloney and Friend-MCF Vi- 

Two restriction endonuclease sites 
shared by Friend-MCF and Moloney virus 
were used to construct their in vitro re- 
combinant viruses the Banlll site located 
in the pl5E portion of the env gene and 
the Kpnl site in the R region of the 
proviral LTR (Fig. 1). The same sites had 
already been used to construct a recom- 
binant viral DNA 1 between ecotropic 
Friend and ecotropic Moloney viruses by 
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in its U3 region of 
JICF does not. The 



Chatis et al (1983). The restriction endows binant clones was c 
nuclease BcmUI is an isoschizomer of \ 0 f restriction end< 
which was used by Chatis et aL !' 
The LTR region of Moloney virus w& 

first introduced into Friend-MCF virus M > 

iearn whether Friend-MCF viruses indugj b^binant subclor 
thymic lymphoma when the LTR regiw ^"iSte size of LTE 
of Friend-MCF virus is exchanged wifli ^grylamide electrop 
that of ecotropic Moloney virus. This figg ^mii fragments e3 
been previously shown for the ecotropic and B(m)p-S \* 
Friend virus (Chatis et al, 1983). ^ prospectively. Mol 
DNA clone of Moloney virus was digested bessed one copy of L' 
with restriction endonudleases to prod® jggjg Viral inserts i 
the 621-bp BanUl-Kpnl fragment, whil; E5&xbl excised by Ea 
the DNA clone of Friend-MCF Bp-1 wb]^DNA ligase to o 
digested completely with Kpnl and thrf ftfcus designated Prl 
partially with BcvnUl to yield So^fSsfection into the 
Kpnl LTR region-free fragments (the ' 
Banilll-Kpril larger fragmeat). The 
fragments were eluted from the low-ml 
ing-point agarose gel and lxgated with ' 1 

DNA ligase to form a recombinant clq__^^ A _ , 

B(m)-3 which was derived primarily froS* IS(Sp-a. As shown 
Bp-1 but contained the LTR region. ' 
Molp-1. The structure of B(m)p-3 recoil _ 

Ti^clones (E+Mol)E 
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Pro. 1. Nonpermuted form <rf the parental and recombinant viral DNA genomes. The viral 
genomes are presented as linear double-stranded molecules flanked at their ends by LTR sequence* 
or?r«L«°!^ nS "? are - 8h0Wn * ttie bottom. The open areas indicateFrMCF 

" f 'H denved from It, and the solid areas indicate ecotropic Moloneyor fragments derived 
aom it Three restnction endonuclease sites shared by Friend-MCF and Moloney viruses for 
constructing in vtiro recombinant viruses are indicated. 
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if Moloney viruB ^Jl^ts US region of LTR whereas Friend 
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i-MCP viruses 
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loney virus. This haifl^«nl fragments excised from Molp-1 

Wfl for the eCo^^^E^-i onH TVrnWS w^p fi91 KQR onrl «91 



riend-MCF Bp-l"& 
with Kjml and 



II to yield Ba^jj 
ree fragments (tgs 
fragment). Th*^ 
d from the low-m$- 
and ligated with $| 
a recombinant clone 
rived primarily fr 
the LTR regioff 
e of B(xn)p-3 reco; 
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l^ssfid one copy of LTR whereas Bp-1 had 
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ii trassf action into the cells. 
^Next, we constructed a Moloney virus 
#th the LTR region from Friend-MCF 
virus, The cloning strategy for the con- 
struction of the virus is a little more 
^oinplicated than that for constructing 
^m)p-3. As shown in Fig. 2 the recom- 
binant DNA subclone M(B)p-l in pBR322 
"faa constructed through two intermediate 
ipbclones (E+Mot)p-l and (B+Mol)p-l. 
Je intermediate subclone (EH-Mol)p-l 
obtained by the insertion of a full- 
iUgth viral DNA from a Molp-1, Hindlll- 
En&III fragment, into a Hindlll-mndlU 
iagment of Ep-2, and a clone which was 
fated at the JJwzdlll site within their 
__jene was selected. Another interme- 
Ikte subclone (B+Mol)p~l was con- 
: ucted by the insertion of the ffiwdlll- 
ml fragment from Molp-1 into the 
MILl-Kpnl fragment of Bp-1. A final 
oclone M(B)p-l was constructed by the 
iertion of the -EteoRI-2?awIII fragment 
m subclone (E+Mol)p-l into the #coRI- 
JWIn fragment from (B+MoI)p-l. The 
^fiwlIII-^Kndlll fragment was excised 
|&om the M(B)p-l and ligated with T4 
^NA ligase to obtain a recombinant virus 
designated Mol-FrMCF (LTR) after trans- 
action in to the cells. 

v itro C<m$tnrucbion qf Recombinant Viral 
DNA in Which the env Gene Region 
Was Reciprocally Exchanged between 
Moloney and Friend-MCF Virus 

The EinAlll site located within the pol 
•^L.K^e and Banlll site within the pl5E 



portion of the env gene shared by Friend- 
MCF and Moloney virus were used to 
construct in vitro recombinant viruses 
whose env-gene regions were exchanged 
reciprocally (Fig. 1). 

We first constructed a recombinant des- 
ignated FrMCF-Mol (env) whose genome 
was derived primarily from Friend-MCF 
virus but which had a 2.7-kbp JJradlll- 
Bcmlll fragment including most of the 
env gene from Moloney virus (Fig, 1); The 
2.7-kbp fragment of Moloney virus DNA 
encompassed approximately 1.0 kbp from 
the 3 ; end of the Moloney virus pol gene 
and 1.9 kbp of the env gene including all 
of the gp70 and the N terminal of pl5E. 
A recombinant DNA subclone (B+E 
+Mol)p-l was constructed by subclone Bp- 
1 and (E+ Mol)p-l and the infectious viral 
DNA genome was excised with .ffcoRI 
from subclone (B+E+Mol)p-l which was 
derived primarily from Bp-1 and Ep-2 
but contained a. 2.7-kbp fragment from 
Molp-1. 

To construct a recombinant designated 
Mol-FrMCF (env) with a genome derived 
primarily from Moloney but with a 
iKwdlll^BcwzIII fragment from Friend- 
MCF virus including the env gene, we 
first tried to construct a recombinant sub- 
clone (E-hB)p-l in which the full ewu-gene 
sequence of Friend-MCF virus was con- 
nected. This was done since the env gene 
of Friend-MCF virus was split into two 
subclones DNA Bp-1 and Ep-2 at the 
EcdRI site located within the env gene 
(Fig. 3). The JZMII^Banlll fragment 
from Friend-MCF virus was approxi- 
mately 2.3 kbp, and encompassed about 
700 bp from the 3' end of the Friend-MCF 
pol gene and 1.7 kbp of the env gene 
including all the gp70 and the N terminal 
of plBE, A 2.8-kbp HindLU-BcmUl frag- 
ment of Friend-MCF virus from subclone 
(E+B)p-1 and a 6.1-kbp Bcmm-Hindlll 
fragment of Moloney virus from Mop-1 
were excised and ligated with T4 DNA 
ligase for transf ection into the cells. 

Infectivity of in Vitro Recombinant Virol 
DNA 

To recover Friend-MCF, FrMCF-Mol 
(LTR), and Mol-FrMCF (env) viruses by 
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Fig, 3. The cloning 
^footnotes to Fig. 2. 
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T4 DNA LigafiC 
Mol-?rMCP<env) 
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■o 

"I 

Transaction to 
SC-1 & DIB3T3 
cells 

Pic. 8. The cloning strategy used to construct Mol-FrMCF (env) viral DNA recombinant. See 
^ •footnotes to Fig. 2. 



!ansfe,ction, two kinds of DNA fragments were also ligated with T4 DNA ligase^ for 

pJ» : "ligated with T4 DNA ligaae. Al- transfection to create recombinant DNAs 

^ough one fragment contained fulMength containing two LTRs, since the parent 

Moloney, Mol-FrMCP (LTR), and FrMCF- DNA has one LTR. Each of the hgated 

§M (eny) viral DNAs, the viral DNAs recombinant viral DNAs was transfected 



4} 



Fig. 2. The cloning strategy used to construct Mol-FrMCP (LTR) viral DNA recombinant. The 
solid areas indicate Moloney virus or fragments from Moloney virus, the open i areas uidieate 
Friend-MCF virus or fragments from Frlend-MCF virus, and the lines Indicate pBR322^The solid 
and open boxes represent the LTRs. HB101 cloning means that the Escherichia coh HB101 was 
transformed with the DNA for cloning. The recombinant DNA was cleaved with the restriction 
endonuclease shown beside the arrow. The restriction endonuclease sites of subclones are shown 
by the enzyme symbols K, Kjmh B, SwriEU; H, Hintill; E, EcoRL 
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onto five 6-cm plates containing SC-1 cells 
and five plates containing NIH3T3 cells. 
The supernatants of the plates were har- 
vested every 2 days to test for viral pro- 
duction. Viral production was usually ob- 
served in the supernatant by 2 weeks 
after transfection. However, ecotropic vi- 
ruses were usually detected earlier than 
MCP viruses. Although SC-1 cells seem 
less sensitive than NIH3T3 cells for 
transfection, SOI cells were better than 
NIH3T3 cells for detecting ecotropic vi- 
ruses by the in situ uv-XC test, since the 
XC plaque was not so clear when uv-XC 
procedure was tried on the NIH3T3 cells. 
To detect MCF viruses, the NIH3T3 or 
SC-1 cells transfected with viral DNA 
were cultured with mink cells. When MCF 
viruses appeared, the cytopathogenic 
changes of mink cells were usually found 
before getting the assay result from the 
supernatant- Independent isolates of re- 
combinant viruses were harvested from 
both SC-1 and NIHST3 cells, and their 
oncogenicity and viral properties were 
examined except for PrMCP-Mol (env) 
virus. PrMCP-Mol (env) virus was never 
recovered from SC-1 cells. Two indepen- 
dent isolates of FrMCF-Mol (env) virus 
were harvested from two dishes of NIH3T3 
cells. 

Virological Properties of Recovered Re- 
combtTiant Vines 

The recombinant FrMCF-Mol (LTR) and 
Mol-PrMCP (env) viruses which contained 
the 2.3-kbp Ifindlll-Banlll fragment of 
the Friend-MCF virus were NB-tropic, 
XC-negative, dualtropic, mink cell focus- 
inducing viruses as well as parental 
Friend-MCF virus. Thus it appears that 
the information Jor the cytopathic effect 
of Friend-MCF Virus lies in the 2.8-kbp 
Hinlll-Banlll fragment from Friend- 
MCF virus. 

The recombinant Mol-FrMCP (LTR) and 
FrMCP-Mol (env) which contained the 
2.7-kbp iftttdin^anlll fragment from the 
Moloney virus were NB-tropic, ecotropic 
XC-po8itive viruses as well as parental 
Moloney virus. The XC-negative Friend- 
MCF virus was converted to XOpositive 
FrMCF-Mol (env) virus by the substitution 



P. 9 



of the Hindlll-BanlU fragments with the 
corresponding region of the Moloney virus, 

Oncogenicity of in Vitro Recombinant Vi- 
ruses 

Parental and recombinant viruses ob-: r 
tained from DNA transfections were iifiir.'S.'.. 
oculated ip into newborn NFS mice. Thei 
oncogenicity and the latent period of tSt 
viruses are shown in Table 1. Friend-MCF: 
viruses induced erythroid leukemia aftgf- 
2-5 months, as has already been reported! y"'™' 
by us (Ishimoto et al, 1981). Moloneyf 
viruses induced lymphomas after 1.5-. 
months as reported by Chatis et al (1988)" 
The latent period for the two viruses 
similar, but Moloney virus-induced lynE! 
phoma appeared earlier than Friend-MCE! 
virus-induced erythroid leukemia. 

FrMCF-Mol (LTR) virus induced lyitf 
phomas in the NFS mice. Histologically,* 




the leukernias were typical T-cell lymph<& jjSfl':;! 
mas with involvement of spleen, lymphf; T 1'.T7. 
node, thymus, and liver. No pathologic]^ 
differences were identified among lym^ zr^" 
phomas induced with Moloney and Ff£ S£!f- 
MCF-Mol (LTR) viruses except for thei \ 
incidence of leukemia and the latent pe^ . 
riod. 

Mol-FrMCF (LTR) virus indueed ery-j • 
throid leukemia in 160 mice and lymph*.; 
mas in 5 mice from a total of 184 mit?, h ' 
injected. The erythroid mice showed ^ ■ 
marked hepatosplenomegaly, but no fl ( fl ;jfe* - 
largement of thymus or lymph node. flifeS' 
tologically they were typical erythroi^ 
leukemia. Histological examination of ttt2 
five mice with lymphomas revealed th? 
enlarged thymus and lymph nodes to - 
lymphoid cell tumors, but unexpect 
their enlarged spleens were typical 
erythroid leukemia. Thus, the five ro\[ 
seemed to have mixed leukemia lympt 
and erythroid cells (Fig. 4). Mol-FrM^ 
(LTR) viruses inducec^ythroid or mi#l 
leukemia with highe^Tncidence than A 
parental Friend-MCF virus. The la^ 
period of the recombinant virus was 
much shorter than that of the parent 
virus. 

FrMCF-Mol (env) virus induced ,«| 
throid leukernias as early and* f requ*?* ' 
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Fig. 4. Lymph node (A) and spleen (B) of a NFS mouse with the mixed leukemia of lymphoblastic + t 
and erythroblastic cells (mouse number Al21c, in Table 2). A newborn NFS mouse was inoculated: ' 
with a recombinant Mol-FrMCF (LTR) virus, which induced the leukemia after 60 days, A diffuse", 
proliferation of lymphoblastic leukemic cells with vesicular nuclei are observed in the lymph 
node. Macrophages ingested many degenerated cells are scattered In the spleen, a diffused 
proliferation of erythroblastic leukemic cells with hyperchromatic nuclei and amphophilic cytoplasm^ 
are observed m the red pulp. Smaller nucleated erythrocytes are intermingled. Hematoxylin and- 
eosin. X50O. " 



as Mol-FrMCF (LTR) virus, but did not 
induce any mixed leukemia which was 
induced with Mol-FrMCF (LTR). 

Mol-FrMCF (env) virus induced lym- 
phomas in 12 mice and mixed leukemias 
in 2 mice from a total of 105 mice injected. 
The mixed leukemias induced with Mol- 
FrMCF (env) were histologically quite 
similar to the mixed leukemia induced 
with Mol-FrMCF (LTR) virus: leukemia 
of erythroid cells in the spleen and lym- 
phoid cells in lymph nodes. 

Replication cfthe Recombinant Viruses in 
the Leukemic Tissue 

We examined the replication of the re- 
combinant viruses in the leukemic spleens 
and asked whether any other kinds of 
virus emerged in the leukemic mice inoc- 



ulated with the recombinant viruses. It ft 
well known that the MCF virus emerge** 
in the leukemic mice when leukemias ar| 
induced with ecotropic Friend or Molon« ' 
viruses, although the role of the emer ~ 
MCF virus on the leukembgenesis is I- 
unknown (Troxler et al, 1980; Ishimoto 
< 1981). f 
The presence of various phenotypes^ 
leukemia viruses in the enlarged spl" 
of mice inoculated with parental and t, 
combinant viruses was examined (Ta. 
2). We tried to detect whether a dualtro 
MCF virus or a xenotropic virus eme 
in the leukemic tissue inoculated 
ecotropic Mol-FrMCF (LTR) or FrM , 
Mol (env), and whether the XC-po*#K 
ecotropic virus emerges in the letfk££ 
tissue inoculated with the dualtropj 
FrMCF-Mol (LTR) and Mol-FrMCF " 



•JUN. 28. 20051 3:24PM 



S 2322 




LINDA HALL LIBRARY 8169268785 



SEQUENCE RESPONSIBLE FOR LEUKEMIA 



NO. 2730 P. 12 



I 232323 *32 



1A LA CO ^ O O k-OOlA 00 O CO 



LTD CO © 00 CO O OQ 00 I 

OOr-J-^OCO ^dd ! 



I I f I I I I I I I I I sss sss 



^ LQ LO LO ^( U5 lO 



nbinant viruses. -^^^4 
MCF virus" eme^| " 
when leukemiarC 

ic Friend or Mob: 

• role of the emej^ 

akemogenesis is.:Bi 

a£, 1980; Ishimd 




rl 

<J < 

+ + + 
tx3 W K M M W 



WWW ^ 



irious phenotypeg 
;he enlarged sp "~ 
ith parental an 
as examined <T^F . fc 
whether a dualte ^^^g g 
:ropic virus em ' 
lue inoculated wJ 
T (LTR) or FrMCF£ 
her the XC-positiVfe 
jes in the leukemi^' 
ith the du&ltropit** 
.d Mol-FrMCF (enV): 



i 

i 



I 

8 
a 



f? & "a 



to X 



^ Pipb T3 



i-*3i J 



it <mii 

• § 1 -g « ■§ * i 
-s .all" e al 

1H1U1 1 

.5 S3 9 P -3 «w "a 
»j p > > & « u " 

1 {•}*•?'& M 
* * j g s i 

CO 




^ pH CD v 

rt 2 c 



I" 



JUN. 28. 2005 3:24PM -LINDA HALL LIBRARY 81 69268785 



NO. 2730 r P. 13 



40 



ISHIMOTO ET AL. 



viruses. In general, when dualtropic MCF 
viruses were inoculated, the titer of the 
virus detected in leukemic spleen was 
very low, and XC-positive viruses were 
not detected in it. However, when ectropic 
viruses were inoculated, the virus repli- 
cated very well in the leukemic spleen 
and dualtropic MCF viruses were often 
detected in the leukemic spleens. The 
emerged dualtropic MCF virus was usually 
detected as a phenotypically mixed virus: 
dualtropic MCF virus genome with eco- 
tropic viral coat. Strikingly, the titer of 
the emerged MCF virus in two of the 
three lymphoid leukemic mice induced 
with Mol-FrMCF (LTR) was abnormally 
high (mouse number Al29c and Al21c, in 
Table 2). 



The ultimate mechanism of tumor igen* 
esis by murine leukemia virus may involve 
the activation of specific cellular genes by 
insertion of the viral genome into cellula* 
sequences. Although we do not know how 



the LTR determined the disease specificity \ ruses in some mice 



Friend-MCF viru 
mainly by some g 
rather than by tl 
development of mi: 
FrMCF (LTR) anc 



DISCUSSION 

Several recent observations indicate 
that LTR sequences determine the leuke- 
mogenicity and tissue specificity of MuLV 
by conferring tropism for the target cells 
(Chatis et al, 1983; DesGroseille et al, 
1983; Lenz et aL t 1984). 

Chatis et al (1982) showed with data 
obtained from an in vitro recombinant 
virus constructed between ecotropic Friend 
and Moloney viruses that the lymphoid 
nature of leukemia induced by the Moloney 
virus is probably determined by the LTR 
sequences. Lymphoid pathogenesis of our 
recombinant viruses. FrMCF-Mol (LTR) 
and Mol-FrMCF (env), constructed be- 
tween Friend-MCF and Moloney viruses 
also confirmed it. 

Our data presented here showed that 
the erythroid nature of leukemia is mainly 
determined by the LTR sequence. Mol- 
FrMCF (LTR) virus was derived primarily 
from the Moloney virus but had 596 nu- 
cleotides of Friend-MCF virus information 
at its 8' end. FrMCF-Mol (env) virus was 
derived from Friend-MCF virus except for 
2.7-kbp nucleotides of Moloney virus in- 
formation including most of env gene. The 
erythroid pathogenicity of Mol-FrMCF 
(LTR) and FrMCF-Mol (env) suggests that 
the target cell specificity of the erythroid 
leukemia virus resides primarily in the 
U3 region of LTR, 



fragments from M< 
-finis, respective^ 
- qu&hces coding foi 
©terminal of pl5 
side of LTR. But £ 
the short sequence 
of env on disease 
certain. Further 



of Friend-MCF and Moloney virus, it can T target cell specifi 
be expected that some sequence in LTR I . lymphoid leukemi; 
such as promotor and enhancer sequences! in the env or th< 
are involved through the activation oiK The 621- and 596-r 
some cellular genes. Revealing the DNA 
sequence of Friend-MCF virus LTR 
through its comparison with Moloney vi"' 
rus, has not enabled the identification of 
the sequence responsible for the erythroid 
or lymphoid leukemia induction due to 
the large number of differences in en- 
hancer and promoter sequences between ^ ^ WM ,* i4 . 
them-{-Adachi et al, 1984). Recently Bome-v" problems might 1 
recombinants have been constructed iirj atructing recombi: 
our laboratory whose genomes were der * JU^ LTR and em 
rived primarily from Friend-MCF virus, { f- between a nononco 
but possessing enhancer or promotor ae- ; ■ ECF or Moloney v 
quences of Moloney virus. These might U c tion endonuclease s 
reveal the possible role of the enhanoerj ^Leukemogenesis 
and promotor sequences on determining £ viruses is a multig. 
the disease specificity. '„ ; determined by hos 

Several investigators have suggested ^"tors. Our experim 
that the viral env gene might play an fr — s j 
important role in leukemogenesis {LinF 
meyer et ai, 1982; Oliff and Ruscetti, 1983)- . 
Comparison of the nucleic and amino acid, 
sequences of Friend-MCF virus with 
quences of ecotropic Friend virus showed 
the env gene region of Friend-MCF virus 
to be substituted with some endogenous,,, 
nonecotropic virus like sequences in th<H 
N-terminal portion of envelope protei^f 
(Adachi et al, 1984). The substituted en" 
velope protein may be responsible for th5^ 
erythroid leukemia induction, since tfef| 
nucleotide sequences of the env gene 
Friend-MCF virus and the C7w-related 
quence of Friend-SFFV were quite Ho- 
mologous. The present study investigate^?; 
whether the substituted env gene seqxi&f"* 
in Friend-MCF vims was responsible " 
the induction of erythroid leukemia, 
had expected that Friend-MCF virus eottk 
not be converted to lymphoma-induci?! 
virus by, exchanging the LTR wherer 0 " 
ecotropic Friend virus would be. The d*\ 
suggest the, disease specificity of § 
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Jfr'd-M cF virus, to be determined 
ill¥ by some genetic ' element of LTR 
%r than by the env gene. However, 
ilopment of mixed leukemia with Mol- 
OF (LTR) and Mol-FrMCF (env) vi- 
i in some mice still suggests that the 
£t cell specificity of erythroid and 
fphoid leukemia may reside partially 
, e env or the pol-env gene region. 
$21- 596-nucleotide BwrilTL-Kjml 
d'exits from Moloney and Friend-MCF 
respectively, encompass the se- 
lves coding for the short part of the 
jjrininal of pl5E in addition to the 5' 
£e of LTR." But the possible influence of 
Se%hort sequence coding the pl5E portion 
gnu on disease specificity remains un- 
Jfain. Further clarification of these 
Iqblems might be facilitated by con- 
acting recombinant viruses in which 
_ LTR and env gene are exchanged 
Jfeween a nononcogenic virus and Friend- 
|BF-or Moloney virus at the two res trie- 
Ik endonuclease sites located in the LTR. 
eukemogenesis by murine leukemia 
es is a multigene phenomenon, being 



ghriined by host and viral genetic fac- 
jrsjbur experiments showed that the 
[(fences of leukemia induced with eco- 
ijjric viruses were much higher than 
ie of leukemia induced with duaitropic 
. viruses, even if the disease specificity 
f^te duaitropic MCF virus was the same 
|3&at of the ecotropic virus possessing 
Jfift'same LTR. The low viral growth of 
pe dualtropic MCF virus in mice may be 
J7 important factor for the low incidence 
^leukemia in mice inoculated with dual- 
Spic MCF virus. The titers of the MCF 
^' detected in the leukemic spleen of 



j^wice were usually much lower than the 
of MCF virus detected in the super- 
it of SC-1 or mink cells in vitro: the 
i^toner were usually one-hundredth of the 



ipfer or less (unpublished data). However, 
S^ie titer of the ecotropic virus such as 
friend virus in the supernatant of SC-1 
~ "tolls i n vitro and the titer of the same 
."virus detected in the leukemic spleen as 
. 5% homogenate were almost the same. 
: ; Bosselman etjal (1982) showed that the 
- information for the duaitropic host range 

and cytopathic effect of MoloneyMCF vi- 



rus lies in the 8' half of Moloney-MCF 
DNA which encompasses the 3' half of 
the pol gene, the complete env gene, and 
the LTR. Our recombinant virus showed 
that the information for the cytopathic 
effect of Friend-MCF virus lies outside 
the LTR. However, the relationship be- 
tween the leukemogenicity and mink cell 
foci-inducibility by the MCF viruses is 
still unknown, 
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that the -343 fragment and a-941 fragment have no significant 
difference in promoter activity (data not shown). 

Regenerated transformed tobacco plants contain enc^ to two 
conies per genome of the NOS promoter- npt-U and 35S pro- 
m£ e teh ficnes determined by Southern blots (data not 
^)TtFS copy^ber in plants, compared with the 
SST&y numbers faodU (Fig. 2), could be explained by the 
SStamttte procedure (co- cultivation versus funding) or 
bvthe type of T-DNA transfer event involved (short varus long). 
NWm blots show that leaves of plants ^ 
of the four 35S promoter deletions contain toe same 2.3-kb i hgh 
found in transformed calli (Fig. 3c). By S, analysis the 5 
end of this leaf hgh RNA was found to be identical to Oiat of 
^ecallus hgh RNA(datanotshown).Theeffeetsof thedeletions 
Splomoter activity in transformed plant f ^W c >Jg 
resemble results described for the transformed ealh. ™> 3SB 
promoter was also active in roots, petals and stems of tarn- 
formed plants (Fig. 3c), with deletions having no 
on tissue expression (data not shown). The ratio of ^/^;» 
transcripts is constant in the different tissues Bolt trawenpte 
anpear reduced in the root RNA preparation, but this.could be 
dueto varying amounts of ribosomal RNA oontammation in 
the poiyadcnylatcd RNA preparations. 

Here, we have shown that although the normal host range of 
CaMV Is limited to members of the Cruciferae, the 35S promoter 
is active when isolated as a fragment from the viral genome and 
integrated into the tobacco genome. Urns, accurate transcription 
from the 35S promoter does not depend on any frans- acting 
viral gene products. The ability to regenerate tobacco plants 
from transformed protoplasts has allowed us to demonstrate 
that the 35S promoter is expressed in leaves, stems, roots and 

^Promoter deletion analysis in transformed calU and plants 
showed that a -46 fragment, which docs contain a TATA-box 
seouence (see Fig. 1), produces a low level of correctly initiated 
transcripts. The region between -46 and -105 which greatly 
increases the level of transcription contains a CAAT-box 
sequence, an inverted repeat region and a sequence resembling 
the consensus core for enhancers in animal systems 
(GTGGrrr*G) 10 » aee F1 * Wc m investigating whother 
one or more of these features plays a substantial role in increas- 
ing the level of 35S promoter activity or could act to increase 
transcription from a foreign promoter. 

We thank Dr Ken Richards for the CaMV clone, Dr Steve 
Rogers for pMON178 and Dr George Pavlakis for the abbrevi- 
ated hgh gene. We also thank I. Roberson and K. Thurman for 
technical assistance and Dr M. Boutry and Dr G. Morelli for 
helpful discussions. This work was supported by a grant from 
the Monsanto Company. J.T.O. holds an NIH postdoctoral 
fellowship (5F32AI06342). 
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Eiwtein-BBrf virus (EBV) infects human B lymphocyte^ toans- 

fhe uS ^U dividing 
indeftnitely (see ref. 1 for a review). The viral genome ^of 172 
Xbn^Mte^isnplasmidinmOfittrnM^^ .We 
hav7i^ntified r rVgion of EBV DNA, termed ottP (nucleotide, 
S W09 of strain B*H», which acts in * o permit UnkBd 
DNAt lo repUcnte as plasmids in cells containing « ■ 
We have postulated Ae existence of a ^acting gene allowing 
7^ fanction. Here we report that this gene liei i in a 2^kbp 
T€ ln or the viral genome (nucleotides 107, 567-110, 176) which 
eS the EBNA-1 anti fi en M . We show that circular DNAs 
containing oHP, the EBNA-1 gene and a selectable marker repli. 
cste autonomously in cells derived from at least tout davelopnwntal 
lineages and from at least three species. We also find that die 
one-third Of the EBNA-t gene repetitive Hi sequence is not essential 
for the fraiw-actJng function that EBNA-1 gives oriP. 

To map the gene encoding the proposed fra/tf-acting f™f°*> 
overlapping segments of the EBV genome were first mtroduced 
tadividuaJVy into the human thymidine lanase (TK)-ncgaUve 
ceU line 143. using a set of recombinant plasmids se ectcd using 
the antibiotic G418 (ref. 5). Hie*e O4l8-rosistant cell lines were 
transected subscquonay with the hypoxanthinc-aminopterin 
thymidine (HAT)-sclectablc plasmid pAirTK or its derivative, 
pTKBamC, which contains ortP. Only those G418-resistant cells 
that carried EBV DNA mapping from BamHl-Z to SoJl-F (Fig. 
1^, b) supported pTKBamC as a plasmid Three of four 143 
clones cJiying pBamZRSalF (termed 143/BamZRSalF) could 
ba-transfected stably 5-30-fold more efficiently with the onJP- 
containing plasmid, pTKBamC, than with its parent 
(Table 1 experiment 1). Analysis of DNA from the < HAT- 
resistant clones showed that the. 143/BamZRSalF eel lines 
efficiently transacted by pTKBamC contained it as a plasmid 
at two to four copies per cell (Table 1). 143 clones carrying ; aU 
other regions of the EBV genome showed no increase in transac- 
tion frequency-dependent on oriP and did not 
pTKBamC as a plasmid. These results imply that the BBV DNA 
sparining the BamHI-Z/ Sall-F fragment encodes the proposes 
transacting product which allows maintenance of oriP- bearing 
plasmids. 

The only viral product encoded in this region of the genome 
and known to be expressed in EBV-transformed cells is the 
nuclear antigen BBNA-1. It is encoded in the .*mHML ft*ft 
ment, which lies within the Sn/I-F fragment of EBV DNA . 
A 2.9-kbp BamHl/Hindlll subfragment of BamKl-K encoder 
most, if not all, of the EBNA-1 polypeptide 9 - 10 (see maps ol 
Fig. 1). This 2.9-kbp subfragment was cloned into a 04,]»- 
sclectabie plasmid containing the transcriptional enhancer o 1 
simian virus 40 (SV40), and the resulting plasmid, pSVoB-H2.* 
was introduced into 143 cells. Two of five such cell I Hnw. 
143/SVOB-H2.9 clones 1 and 4, expressed levels of "EBNA-* 
that could be detected by anti-complement immunofluorescence 
(our unpublished observations). When wc transfectea 
pTKBamC into these two 143-derived clones, we efficiently 
selected HAT-resistant colonies in which one to three copies oi 
the oWP-bearing plasmid were maintained per cell (Table i£ 
Thus, the iraaj-acting product required for oriP function maps 
in the Zo-kbp region encoding EBNA-1. The SV40 enhan^ 
was required for efficient expression of the irans-acting wnonon 
.from the integrated 2.9-kbp fragment (data not ihowii)/ IJT 
finding is consistent ^ith the observation that the mRNA vo* 
• this region is a 3.7-kb transcript beginning upstream of Bomrii- 
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fable 1 Ability of 143 cells carrying integrated fragments of BB V DNA 
to maintain plasmids containing eriJP 
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y Clonal, G4i8-re$i*tanl derivatives of 143 cells carrying integrated 
^copies of the indicated plasmid were constructed as previously 
described 5 . Cell lines arc named for the plasmid carried: for example, 
, 1143/BaroZRSalF carries pBamZRSalF (ref. 5). pBamZRSalF contains 
st introduced fae EBV DNA shown in Fig. la, 1 k 'All others' refers to different 143 
TK)-n<5gative" "^Jones carrying each of nine piasrnids that span the remainder of , the 
;elected using '^ BV genome 5 . Font clonal lines carrying each integrated plasmid were 
Jell lines wetff^ 1 " 4 P sv pB-H2^ was constructed by inserting the 2.9-kpb 
saminoDterin j*w»HI/ffwdIII fragment of BamKl K (Fig. I) between the SamHI 
its AM*ij&r S» £e md toc Jitodin site of j>Kan2 (ref. 5) and,by inserting' the origin. 
™S£^^k$ wlfalil,in » Hpall/HindW fragment of SV40 between the Oal site and 
Tit/B i* 6 Midlll site' of the resulting plasmid. Using the method of Graham 
) snU-f .fcFlg^fujd Van der Bb io ? ~i ^ ip fi cells from each line were transfected with 
5 of four 143 52,5 \Lg of plasmid DNA and selected after 24 h in medium containing 
RSalF) could SlAT or 150 u.g ml" 1 hygrdmycin B (Calbiochem). The HAT-selectable 
rith the ojiP- ^vector pAirTK carries the tk gene of herpes simplex type 1 (see the 
rent, pAirTX Sconstniction of pKan2 in ref, 5). nTKBamC la pbwTK carrying the 
m the ' HAf-* |>n'P-contaiiung JBojwHI-C fragment of EBV* pHEBo2 confers resistance 
OK ceil lines drug hygromycin B u and^carries ortP (ref. 14 and Fig; l):-pHyg- 

as a dlasmid £ iden * oal *° P H BE°2 except thafit lacks the EBV sequences. Selected 
a carrvihix aU jp° l0,liw wo ™ amplified and analysed for the presence of plasmid 
,1^7 f7 S 110 ^ 011168 m shown in Fig, 2. The limit of detection was 0-2 copies per 
•fiWtranste^jjfciL j n addition, pTKBamC was recovered from D}*A of transfected 
not contain Jl43/BamZRSalF clones 1 and 2 by transformation of £ coli and shown 
ie EBV DNA -not to be rearranged, as described previously*. For 'all others', a single 
tho prpnpjej^^T-resistant clone from one, line carrying each region of EBV DNA 
orfP-bearing was analysed. Using a probe specifie for the oriP region, each of these 
j»as shown to carry integrated copies of pTKBamC. ND, not determined, 
rthe gendme. ** Although the transection efficiency of these' lines varied by more 
I cells* is the- » lhan i0 ' fb H the ratio of the number of colonies obtained with 
ruTTT ir f r AV # TICBamC to ^ number obtained with pAttTK was between 03 and 

\t V JZ*»« i tTne fraction of 143/SVoB^H2<9 clone 4 cells that can be stably 
1I-K encoae* |ransfectcd with pHBBo2 is 0.3-1%, close to the 1-2% that can be 
.see mar>s of fiiansfected with SV40 DNA to express T antigen transiently, 
nto a 0418-4 7 
enhancer, of a 
pSVoB-H2.9, * 

h cell lines, i Wo constructed plasmids carrying oriP, the EBNA-1 gene 
of "EBNA-l J}^ a sclect * bl ? marker and found that they replicated 
^fluorescence ^tonomously in a variety of cultured cells. Because many cell 
transfected f^esare resistant to high concentrations of G41 8, wc first made 
/e efficiently |* e ortP-bearing vector pHEBo2, which confers resistance to 
ree copies of f 15 dru S hygromycin B ilM4 (Fig. 1). pHEBo2 was >100-fold 
ill (Table i). iP orc efficicnt ^ conferring drug resistance to 143 cells cxpress- 
inction maps ™ EB NA-1 than to the same number of control oella (Tabic 
40 enhancer j 1, experiment 3). A similar effect of the EBNA-1 gene was 
ting function W BB *ved when it was inserted in pHEBoZ Pive different deriva- 
hown). This ^ of pHEBo2 carrying the EBNA-1 gene yielded hygromycin 
. m RNA lot Resistant colonies 10-100 times more efficiently than did 
iofjBamHl- "PHEB02 when transfectod into HeLa cells; all five were 
maintained as plasmids in tho resistant cells (Fig. 16), 
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Fig. 1 o f Map of linear, Bpstcin-Barr viral DNA Indicating all 
but the smallest BamHl restriction, endonuclcase fragments 10 and 
the positions of oriP and the OTMrWgene. The vertical lines 
represent the terminal repetitions found in the viron DNA b, 
Structure and function of plaamids carrying ertP and the EBHA-l 
acne. The vector pHEBo2 is shown at the bottom, linearized at 
site derived from pBR322. Its construction is described 
elsewhere 14 . The bacterial gene for hygromycin B resistance 1 * is 
expressed using the promoter and polyadcnylarion signals of the 
herpes simplex tk gene (hatched boxes). brfP.is present on an 
Sttl/Sstll fragment of EBV DNA 5 (open box). The relevant EBV 
BamHI and Sail fragments are shown at the top, The arrow 
represents the open reading frame BKRF1 10 (BBNA-I), with the 
thickened part representing the triplet repeats. In the middle of 
the figure, plasmids are represented by the DNA segment inserted 
into pHEBo2. Inserts of the first three plasmids arc between the 
BamHl and Soil sites of pHEBo2. For p~201 and p20S; the DNA 
was inserted by blunt-edged ligation between HSndUI and Sphl 
sites. The orientations of all inserts relative to the vector are as 
shown. pl74 was derived from pl54 by deletion of the DNA 
between the Xhol sites shown. The insert of p205 carries a 700* 
20-hp deletion at the site of the triplet repeats. The triplet repeat 
array is 717 bp long in tho B95-8 strain* 0 from which the BBNA-t 
gene was cloned. The deledon was obtained by subcloning from 
the Ch4A clone EB 62-71 in which this region spontaneously 
deletes 15 . We have not determined the sequence at the boundaries 
of the deletion, but note that deletion of the triplet repeats by 
homologous recombination would preserve the reading frame. A 
similarly obtained deletion was reported to be in frame 9 . All 
restriction enzyme cleavage sites relevant to this report are indi- 
cated for the insert of pl54. B, BamHU Be, Bdl\ Bg, fig/II; E, 
£c&RI;H, Hiwdin; K, Kphl j P, Pvull; S, Sail; Sp, Sphl;X t Xhol. 
Methods. Plasmids were tested by tranafecting 1 x 10 s HeLa cells 
as described in Table 1 legend and selecting for resistance to 
hygromycin B at ISOp-gml" 1 . Resistant colonies were counted 
after 11-21 days ef selection, trypainized and carried or expanded 
for 18-23 population doublings. The amount of free plasmid pres- 
ent in the ceil populations was determined as shown in Hg. 2a, 
except that DNAs were usually not digested with endonucleases. 
The average of determinations from at least two independent 
transfections is shown, 
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Fig. 2 Analysis of EBV-derived plasmida in tranflfected cells. 
DNAs were separated by electrophoresis in 0.5% agarose and 
detected by the method of Southern 27 using the plasmid pHyg as 
probe, labelled isotcpieally to a specific activity of 2-4 x 
10 s c.p.m. n,g~ ! . a, DNA was isolated from &upernatants of Hirt 
extracts 28 of 2 x 10 s hygromyein B-resistant MAI 34 cells (a pool 
of 34 clones) or £17 cells (individual clones) transacted with the 
indicated plaamids. DNAs were linearized by cleavage with the 
following enzymes: MA 134 or D17 plus pi 54 with Bell, D17 plus 
pH£Bo2 with HmdIII. pHBBo2 standard with tfrndlll, and pi 54 
standard with Kpnl> Cleavage of pi 54 DNA isolated from the 
MA134 and D17 cells by flcil shows that the plaatnid had lost its 
methylation, and hence, had replicated, b, Total DNA from 1 X 10* 
cells of three D98/AH2 clones carrying pi 54 was analysed after 
digestion with Bglll. A long exposure of the autoradiogram (96 h) 
ft shown to demonstrate the absence of any additional bands which 
could result were vector sequences integrated. This experiment 
docs not eliminate the possibility that these lines could carry 
integrated fragments of pi 54 which lack homology to pHyg. The 
positions and sizes in kbp of DNA aize markers, A DNA cut with 
EcoRl and Hfndlll, are indicated. 



That the smallest of these plasmids, p20l and p205, work 
efficiently implies that the rran^acting function required by orip 
maps cntiroly in a 2.6-kbp BamBl/Pvull fragment and does 
not include all of the EBNA-1 coding sequences (Fig. lb). 
Between the Bam HI site and the Pvull site lies an open reading 
frame of the correct size to encode the EBNA-1 polypeptide* . 
About one-third of this open reading frame is a repetitive 
sequence of glycine and alanine codons which encodes part of 
EBNA-1 7 ' 8 (arrow in Fig. lb). A spontaneous deletion of the 
repetitive region of the EBNA-1 gene was obtained from a 
recombinant bacteriophage clone grown in reeA* Escherichia 
coli 1 *. If deletion of the triplet repeats occurred by homologous 
recombination, the reading frame would be preserved. A similar, 
spontaneous deletion was observed by Fischer et at to be in- 
framc 9 . Wo found that p205 9 which carries this deletion, repli- 
cates more efficiently than p201 (Pig. Ifc), indicating that most 
or all of the triplet repeats are dispensable for the trans* acting 
function that the BBNA*1 gene product gives oriP. 

These experiments do not imply that transcription of the 
EBNA-1 gene on any of the described plasmids occurs as it 
does from the viral genome. If the EBNA- 1 gene is placed on 
pHEBo2 in the opposite orientation to that shown in Fig. ib t 
it fails to function unless a transcriptional enhancer is provided 



Table 2 Ability of EBV-derived rcplicons to function In cells of various 
origins 



Cell 
line 

Human' 
D98/AH2 
143 
143 
2W 
293 

Wilson 
Wilson 
K562 

Monkey 
MA134 
MA134 

Dog 
D17 
D17 

Rodent 

' BALB/C3T3 

BALB/C3T3 

HTC-A 

V79 



Plasmid 

P 154 

pl72 

pHEBo2 

pl54 

pHEBo2 

P 174 

P HBBo2 

p!72 

pl54 
pHEBo2 

pl54 
pHEBo2 

pi74 
pHEBo2 
pl72 
pl74 



Frequency 
of stable 
transfection 

lxlO" 4 
2xi(r 4 
5 X l6" 5 
lxiO"* 
2X10- S 
3xl0"« 
<2X10" 7 
2X10-* 

3xl0" 5 
<SxUT 7 

6XHT* 
2x10-* 

lxicr 4 

lxlO" 4 
9X10^ 
9X10" 4 



Plasmid 
molecules 
per ceil 

7,12,14 

1,10 

0 

35 

0 

10.16 
9,27,90 



1-5,5,5 
0 

0* 

0 
0 

0, 0, 0* 



flasmid DNAs (Fig. \b) were introduced by the calcium phosphate 
method for all cell lines except K562 and Wilson, for which fusion with 
R coli spheroplasts* 1 and electroporation 22 . respectively, were used as 
described olscWhcrc M .TranflfectedceUs were selected with the following j&enes from t 
concentrations of hygromycin B (u.g ml" 1 ); D98/AH2 (ref. 23), 143 (tef. K^p and th< 
24), 293 (ref. 25), BALB/c3T3 and MA134, 150; D17 (obtained from ' Identifying a 
American Type Culture Collection), 200; Wilson (obtained from Di » ' d ™ 
Ian McOrath), K5*2 (rof, 26) and V79, 300; HTC-A (obtained from Dr a " ^ u 
H. Ktot), 500. < indicates that no resistant clones appeared within the 
number of cells tested. No* resistant colonies arose from any cell line 
without transfection. To determine the number of plasmid molecules 
per cell, individual colonies or pools of colonies were amplified and \ gene before 
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their DNAs analysed as in Fig. 2, using pHBBo2 DNA as a probe. 



providing EI 



Limits of detoetion were **02 copies per cell. Where pools of eoloniss_ JReisman for 



were analysed, a single value is given. Where individual colonies were 
analysed, the value obtained for each clone is given: 

* These resistant colonies, obtained from the rodent cell lines, were 
shown to carry integrated vector sequences. In addition, BALB/c3T3 
cells carrying integrated pSVoB-H2.9 and expressing levels of EBNA-1 
detectable by anti-complement immunofluorescence could not maintain 
the oHP-bearing plasmid pHEBo2 (limit of detection 0.06 copies per 
cell): 



(data not shown). The expression of the trans- acting function 
obtained with plasmids such as p201 may depend on a pro- 
moter(s) present on pHEBo2, perhaps one of those found near 
the bacterial ampicillin resistance gene 16 ' 17 . 

EBV-derived rcplicons, plasmids carrying both oriP and the 
BBNA-i gene, have been introduced into a variety of cell lines 
(Table 2). Figure 2 shows the ability of these plasmids to replicate 
in human D98/ AH2 cells (of epithelial origin), MA134 African 
green monkey kidney cells and D17 dog fibrosarcoma cells* 
pHBB62, which lacks the BBNA-1 gene, was not found as a 
plagmid in the D17 cells (Fig. 2a). Plasmid pl54, which J* 
pHEBo2 plus the EBNA-1 gene on an 1 1-kbp insert, was present 
as a plasmid at about five cop'ies per cell in a pool of hygromycin 
B-resistant clones of MA134, at 1.5-5 copies per cell in three 
clones of D17, and at 7-14 copies per cell in three clones of 
D98/AH2. Cell clones carrying pl54 as a plasmid generally do 
not have vector sequences, integrated into the host chromosoJn 6 * 
(Fig. 26). In addition to functioning in human cells of epithch* 1 
and fibroblast origin, EBV-derived plasmids were found to t£ 
maintained in Wilson . cells, an EBV-negative* human & 
lymphoma cell Line, and in K562 cells, a human erythr°* 
leukaemia cell line, but not in three cell lines from rodent* . 
(Table IY 
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The rate of loss of the EBV-derived rerjlicon, pl54, in popula- 
tions of D98/AH2 grown in the absence at selection was deters 
3*iined using a olonal assay described previously 5 . In the three 
'Clones carrying pi 54 analysed in Fig. 2b, the plasrnid was, lost 
J|t rates of 2, 3 and 5% per generation (measured at 18 and 27 
generations after removal of the drug).The loss of hygromycin 
Resistance in dividing cells in these three populations is con- 
sistent with the absence of integrated copies of the plasrnid (Fig. 
fyb) . This rate of loss is the same as that for onP-bearing plasmids 
- in cells containing EBV DNA 5 . Thus, the EBNA-1 gene permits 
.*ihc maintenance of oriP-b caring plasmids as efficiently as does 
of EBV DNA. 

The wide host range and maintenance of the EBV-derived 
plasmids is in marked contrast to the replication of plasmids 
derived from BPV and SV40; BFV-derived plasmids have not 
%cn reported to replicate in cell lines derived from species other 
: $han mouse or rat, and those derived from SV40 are not usually 
^maintained as plasmids 18 . For the human, monkey and dog cell 
3fces mentioned here, wo have not observed integration of plas- 
jnids carrying oriP and a functional JSBSA-1 gene* There is no 
.-.reason to believe that such plasmids cannot be integrated into 
4iost chromosomes, however, as the entire EBV genome has 
iecn found integrated in more than one instance 1 ". Our results 
"fcdicate that EBV-derived replicons are more often maintained 
ps plasmids than as integrated molecules in the non-rodent cells 
im phosphate > we navc ^udicd. That EBV-derived plasmids can be maintained 
:h fusion with to a variety of mammalian cells makes them useful for introduc- 
wer e.-usdd a& . jng genes into these cells and for isolating molecular clones of 
the following .genes from these cells. In particular, plasmids containing both 
.23), 143 (rcf. jjjiP and the BBNA-1 gene should be essential vehicles for 
biained from identifying and analysing those viral genes that, in addition to 
inVdfromEr and BBl *A l , * rc needed to transform human B lym- 
■ed witEiathe Q0Y t es • 

any cell line £ We Lkd* Qritz and Julian Davics for providing us 
lid moleculea f^ itn tneif plasrnid carrying the hph (hygromycin B-resistance) 
wpHficd and %nc before its publication, Bart Barrell and co-workers for 
i aa a prob* providing EBV DNA sequences before publication and David 
Is of colonies 3Reisraan For a clone of the EBNA-1 gene with the deletion of 
:olonies were c&c triplet repeats. This work was supported by USPHS grants 
5^22443, CA-97175 and 5 T32 CA-09075. B.S. was supported 
Jy Faculty Research Award 023 from the American Cancer 
Society. 
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Gene deletion and restriction fragment 
length polymorphisms at the human 
ornithine transcarbamylase locus 

Rima Ro*en*, Joyce Fox, Wayne A. Fenton, 
Arthur L. Honrich & Leon E. Rosenberg 

Yale University School of Medicine, Department of Human 
Genetics, 333 Cedar Street, PO Box 3333, New Haven, 
Connecticut 06510, USA 



Deficiency of ornithine transcnrbamylftse (OTC; EC 2,1.3.3), a 
hepatic mitochondrial enzyme involved in the detoxification of 
ammonia 1 ' 2 , is a severe inborn error of metabolism, It is an X-linked 
disorder*** which results characteristically in ammonia intoxica- 
tion, protein Intolerance and mental retardation. Early death of 
affected hemizygous male infants U common, while clinical 
manifestations in heterozygous females are variable due to random 
X -chromosome inactivation". Prenatal diagnosis by amniocen- 
tesis has not been feasible because OTC is not expressed in 
amniocytes and because no unusual metabolites can be detected 
in amniotic fluid. Fetal liver biopsy has been performed for some 
families at risk 6 , but the dangers inherent in this procedure severely 
limit Its usefulness. In this report, we describe the use of a nearly 
full-length cloned human cDNA 7 to begin to characterize normal 
and mutant human OTC genes* One of 15 affected males was 
found to have a partial deletion of the OTC gene. Two distinct 
restriction fragment length polymorphisms (RFLFs) were iden- 
tified at the OTC locus using the restriction endonuclease Mspl\ 
69% of women tested were heterozygous for one or both poly- 
morphisms. Identification of these common polymorphisms makes 
it possible to offer prenatal diagnosis to a large fraction of obligate 
carriers and to provide information on carrier status to some 
females at risk. 

In an initial experiment* high relative molecular mass (M r ) 
DNA from two control females was digested independently with 
restriction endomicJeasea Bgll, EcoBJ, Stfl, and BamHI and 
analysed by DNA blot hybridization using the OTC oDNA as 
probe. No differences between the two controls were detected 
using these four enzymes. The total size of the gene, estimated 
by addition of the fragment lengths obtained with any one 
enzyme, is at least 25-30 kilobases (kb). In a further experiment, 
the hybridization intensities of all bands showed a clear X- 
chromosome dosage effect when DNAs from cell lines contain- 
ing one, two, or four X chromosomes were analysed, indicating 
that all of the hybridizing fragments are localized to the X 
chromosome (rfot shown). The possibility that there are OTC 
pseudogenes on the X chromosome has not been eliminated. 

Figure 1 depicts the hybridization patterns following Hindill 
digestion of DNA from seven OTC-dcficiont males. The pattern 
from tho DNA of six of the patients is indistinguishable from 
that of controls, whereas the pattern from the DNA of one 
patient (lane 6) does not include the 3,1-kb band. Digestion of 
this patient's DNA with five other restriction endonucleases 
indicated that one hybridizing band was absent with each 
enzyme; no new bands were detected (not shown). This partial 
deletion has been localized to the 3' portion of the gene, based 
on hybridization experiments with 3'-fragments of the OTC 
cDNA (not shown). To date, we have examined DNA from 15 
OTC-deficient males and have identified only this one with a 
gene deletion. 

Because a substantial proportion (up to one-third) of cases 
of an X-linkcd lethal disorder may be due to new mutations 8 , 
we examined the DNA from the mother and maternal aunt of 
patient 6 to determine if thoy wcro carriers for this deletion. 
Figure la shows the middle portion of a blot of BcoRI-digested 
DNA from two control females (lanes 1, 2), the maternal aunt 

* frMMt iddittB! McGiU Umvcr*ky Center for Human Genetics, 1205 Dr Ptnfldd Avenue, 
Montreal* Quebec, Canada H3A 1B1. 
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We have isolated three types of cDNAa encoding novel 
/31 ,3 -A^-acetyl^ucosa2niny Itransferasea (designated pSGn- 
T2, -T3, and -T4) from human gnstrie mucosa and the neu- 
roblastoma cell line SKpN«MC. These enzymes are predicted 
to be type 2 transmembrane proteins of 897, S72, and 378 
amino adds, respectively. They share motifs conserved 
among members of the /31^-gaUtctogyl transferase family 
and a ^l^^acetyl^ucosaminyteansf erase (designated 
£SGn-H), but show no structural similarity to another type 
of ^l^^-acetyl^uco£!aminyltransf erase (iGnT) . Each of the 
enzymes expressed by insect cells as a secreted protein 
fused to the FLAG peptide showed /Jl^-Macetylgliicosami- 
nyltransf erase activity for type 2 oligosaccharides but not 
^l^-gamctosyltransferase activity. These enzymes exhib- 
ited different substrate specificity. Transaction of Na- 
malwaKJM-1 cells with p3Gm-T2, -TS, or >T4 cDNAled to an 
increase in poly^-acetyllaetosamines recognized by an an- 
ti-i-antigen antibody or specific lectins. The expression pro- 
files of these /33Gn-T& were different among 85 human tis- 
sues. £SGn-T2 was ubiquitously expressed, whereas 
expression of pSGn-T8 and -T4 was relatively restricted. 
p3Gn-T3 was expressed in colon, jejunum, stomach, esoph- 
agus, placenta, and trachea. p3Gn-T4 was mainly expressed 
in brain. These results have revealed that several (H^-N" 
acetylghicosaminyhranjs^ases form a family with struc- 
tural similarity to the /9l^-galactosyltrans&rase family. 
Considering the differences in substrate specificity and dis- 
tribution, each ^l^AT-ai^tylglucosamiDyltransferflse may 
play different roles, 



A family of human /31,3-galactosyltranrferases (/33Gal-Ts) x 
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conaisting of five members (0SGal-Tl, -T3, -T3, -T4, and -T5) 
was recently identified (1-4). The first 01,3-gala<jtosyltrans- 
ferase (03Gal-Tl), which catalyzes the formation of type 1 
oligosaccharides, was isolated by us using an expression clon- 
ing approach (1). Expression patterns of /33Gal-Tl and type 1 
oligosaccharides strongly suggested the existence of £3GaI-Tl 
homology For instance, type 1-derived oligosaccharides such as 
sialyl-Le* were known to be expressed in colon and pancreatic 
cancer cell lines, whereas expression of £3Gal-Tl was detected 
in brain, but not in cancer cells. Our early approach using 
Southern hybridization failed to detect the existence of /93Gal- 
Tl homologous genes. However, recent accumulation of nucle- 
otide sequence information on human cDNAs and genes such 
as expressed sequence tags (ESTs) enabled us to search homol- 
ogous genes that do not have high similarity as detected by 
hybridization, but show significant similarity. A homology 
search based on the nucleotide or amino acid sequence of 
/33Gal-Tl led to the isolation of /33Gal-T2, -TS, and -T4, indi- 
cating that 03Gal-Ts form a family (1-8). 

/33Gal-T2 catalyzed a similar reaction, but showed different 
substrate specificity compared with /33Gral-Tl. The activity of 
/33Gal-T3 has not been detected, whereas the corresponding 
mouse enzyme exhibits weak /3SGal-T activity for both GlcNAc 
and GalNAc (5). On the other hand, 03Gal-T4 transfers galac- 
tose to the GalNAc residue of asialo-G^ or Gm2 to catalyze the 
formation of asiata-G^ or G^q, respectively (3). /33Gal-T4 may 
be a human homolog of rat G M1 and G t)l synthases (6) since 
these enzymes shows 79.4% identity at the amino acid level. 

A PGR cloning approach using degenerate primers corre- 
sponding to conserved regions in the £3Gal-T family has en- 
abled us to isolate a fifth member (|33Gal-T5) of this family, 
which catalyzes the synthesis of type 1 oligosaccharides and is 
the most probable candidate involved in the biosynthesis of a 
cancer-associated sugar antigen, sialyl-Le*, in gastrointestinal 
and pancreatic cancer cells (4). 

Very interestingly, a £1,3 ^-acetylglucosaminyltransf erase 
(designated j3SGn-Tl) has been recently isolated based on the 
structural similarity to the 03Gal-Ts (7), j33Gn-Tl shows sig- 



tion; j33Crn-T, UDP-GlcNAc:0-galactose 01,3-N-acetylglucosaminyl-* 
transferase; bp, , base pairfe); Mb, kilobase peirOs); L. esculantum 
agglutinin; PWM, poke weed mitogen; MOPS, 4-morpholineprop ana sul- 
fonic acid; LNnT, Iacto-AT-neotetraose; p-LNnH, p -1 aeto-iV'-neohex&o s e ; 
LNT, 'lacto-iST-tetraoae; lflcto-iV-fticosylpentaofie; HPLC, high 

performance liquid chromatography; RT-FCR, reverse txan&criptian- 
polymexase chain reaction. 
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niflcant overall similarity to 03Gal-Ts (15-19%) and^ shares 
motife conserved among the /33Gal-Ts, but is structurally dis- 
tinct from another type of ^1,3-iV-acetylglucosaminyltrans- 
ferase (iGnT) that was isolated by expression cloning using an 
anti-i-antigen antibody (8). /J3Gn-Tl exhibits /31,3-iNT-acetylglu- 
coaaminyltransf erase activity instead of /31,8-galactosyltrans- 
feraee activity. This result provides an exception that a glyco- 
syltransferase structurally related to the /38Gal-T family uses 
distinct donor (GlcNAc versus Gal) and acceptor (Gal versus 
GlcNAc) substrates, maintaining the same linkage specificity 
(/31,3-linkage). 

During the course of study to isolate £3Gal-Tl homologs, we 
have identified three additional types of putative members of 
the /33Gal-T family. In this study, we show additional examples 
that glycosyltransferases structurally related to the £3Gal-T 
family exhibit p 1 , 3-iV- ace tylglucos a m i n yltranfif er ase activity, 
but not 01,3-galactosyltranflferaee activity. These results indi- 
cate that pi,3-iv*-acetylglucosaminyltransferases (03Gn-Ts) 
form a family having structural similarity to the jSSGaM fam- 
ily. Alignment of primary sequences of all members of the 
p3Gn-T and £3G-al-T families revealed that the members are 
clustered into four subgroups, probably reflecting enzymatic 
activity and substrata specificity. Tranafection experiments 
and in vitro enzymatic analysis have demonstrated that 03Gn- 
T2, -T3, and -T4 are able to catalyze the initiation and elonga- 
tion of poly-N-acetyUactosaniine sugar chains; however, they 
exhibit different substrate specificity. These results, taken to- 
gether with the different distributions of these enzymes, indi- 
cate that j38Gn-T2, -T3, and -T4 each exert distinct roles in 
physiological and pathological processes. 

EXPERIMENTAL PROCEDURES 

Nomenclature of S-Oalactosyltransferosea and $l t 3»N*Acetylglu* 
cosaminyltransferases—To simplify discussion, five members of the 
cloned human jSSG^l-Ts will be called /83Gal-Tl, -T2, -T3, -T4, and -T5 
according to the designation of Kolbinger et al, (2), Clausen and co- 
workers (3), and Narimateu and co-workers (4). Five types of j3SGn-Ts 
cloned to date will be referred to tentatively as follows. A 03Gn-T and 
newly isolated 03Gn-Ts in this study, which show structural similarity 
to the 03Gal-T family, will be called jSSGn-Tl, -T2, -TS, and -T4. An- 
other type of pSQn-T, which was isolated by expression cloning using 
anti-i-antigen antibody (8) and showed no structural similarity to the 
08Gal-T family, wfll be called iQnT according to Pukuda et al (8). 

Cell Lines— Namalwa KJM-1, a subline of the human Burkitt lym- 
phoma cell line Namalwa, was cultivated in serum-free RFMI 1640 
medium aa described (9, 10). Cell lines SK-N-MC and Golo205 were 
obtained from the American Type Culture Collection, The 3$ cell lines 
were cultured in RFMI 1640 medium containing 10% fetal calf serum. 
Sf9 and Sf21 insect cells were cultured at 27 °C in TNM-FH insect 
medium (Pb^rmingen) as described previously (11). 

Preparation of cDNA Libraries and Single Strand cDNAs — cDNA 
libraries of human gastric mucosa and human placenta were con- 
structed as described previously (12). Single strand cDNAs were syn- 
thesized from total RNA prepared from the neuroblastoma cell line 

Isolation of Human f&n*T2, and -T4 cDNAsSBT fragments 
encoding p^in o acid be que nee a similar to the human /28Gal^Tl se- 
quence were retrieved from the EST division of the GenBank TM /EBI 
Data Bank using the FrameSearch algorithm (Compugen) (Table D. 
The human 0SGn-T2 cDNA fragment (600 bp) was isolated from a 
human gastric mucosa cDNA library by PGR uaing primers 6'-CCGQA- 
, C AGATTTAAAGACTTTCTGC -3 ' and 5 ' -GTAGAGGC CAGAGTAAA- 
CAACTTCT-S'. The human jS3Ga-T3 cDNA fragment (200 bp) was 
isolated from a human placenta cDNA library by PGR using primers 
S'-CGTGGGGGAACTOATCCAAAACG-S' and 5 ' -AC CCAGGAAGACA- 
TCATC AATGGG-3 ' . The PGR conditions were 99 °C fbr 10 min; Al- 
lowed by 30 cycles of 8S °C fbr 1 min, 66 °0 fbr 1 min, and 72 6 C for % 
min; and 72 *C for 10 min of incubation. The 08Gn«T2 and -T3 cDNA 
fragments were cloned into pT7Blue (Novagen) and sequenced. Digtod- 
genin-labeled probes were prepared from the above-mentioned 600- and 
200-bp fragments using a PCR DIG probe synthesis 3dt (Roche Molec- 
ular Bio chemicals) and used to isolate the full-length cDNAs for /SSGn- 
T2 and -T3 by plaque hybridisation. The full-length £3Gn-T2 cDNA (1.9 
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kb) was prepared from phage DNA by Sail and Xbal digestion and 
subcinned into pBluescript JI SK(+) to yield pBS-£8Qii T2. A plaamid 
(pBS-^3Gn T3) containing the full-length jSSGn TS cDNA in pBluescript 
SK(— ) was recovered by in vivo erosion, The full-length 08GnT4 cDNA 
(l.S kb) was amplified from single strand oDNAs derived from the 
neuroblastoma cell line SK-N-MC by PCR using primers 6'-CACAGG- 
CTGAQACTCATCTCGCT-3 ' and 6' -AGGK&TC AATTTCGCATCAC- 
GATAG-S' and was inserted into the pT7Blue-T vector to make pT7B- 
jS8Gn T4. 

DNA Sequencing — DNA sequences were determined by the 
dideoxynucleotide chain termination method using an ABI PRISM 7 " 
, 377 DNA sequencer (Applied Ecosystems, Inc.). 

Construction of Plasmids for Expressing &3Gn T2, and -T4 in 
Animal Cills—h jSSGn T2 cDNA fragment (prepared from pBS-0SGn . 
T2 by Bali and Xbal digestion, followed by blunting and addition of the 
Bfil linker (B' -CTTTAGAGrCA-3 ' and 5'-CTCTAAAG-3')) was inserted 
between the Sfil sites of pAMo to yield pAMo-03Gn T2. A /33Gn T3 
cDNA fragment prepared from pBS-0SGn T3 by HindTR and Notl 
digestion was inserted between the HindJXL and Notl sites of pAMo to 
yield pAMo-^3Gn T8. A £8Gn T4 cDNA fragment (prepared from pT7B- 
iSSGn T4 by Smal and KinoU. digestion, followed by addition of the SfU 
linker) was inserted between the Sfil sites ofpAMo to yield pAMo-03Gn 
T4. 

Expression of p30n T2, -T3, and -T4 in Namalwa Cells-' 
Namalwa KJM-1 cells were transfected with pAMo-£3Gn T2, pAMo- 
JSSGn T3, or pAMo^Gn T4 by electroporation as described (9, 10) and 
grown for 24 h. Stably transfected cells were selected by cultivation fbr 
>14 days in the presence of G418 (0.6 mg/ml). 

Flow Cytometric Analysis— transfected Namalwa KJM-1 calls (6 x 
10 8 cells) were incubated in 100 yl of phosphate-buffered saline fbr 60 
min at 37 D C in the presence or absence of 20 miiliunits of Clostridium 
perfring&ns neuraminidase (N2133, Sigma). These cells were stained 
with human anti-i-antigeu serum (Den) (18), followed by fluorescein 
iscthiocyanate-conjugated goat anti-human Iglvl, and were analyzed an 
a FACSCalibur apparatus (Becton Dickinson) aa described (8). For 
lectin staining, cells were stained with 10 pg/ml fluorescein isothiocya- 
nate-labeled Lycoperskon esculent um pokeweed mitogen (LEA) or ag- 
glutinin (PWM; both from EY Laboratories). 

Construction and Purification of fiSOn-T Proteins Fused to the FLAG 
Peptide— The putative catalytic domain of each £3Gn-T2, -TS, and -T4 
was expressed as a secreted protein fused to the FLAG peptide in insect 
cells. A 1.1-kb DNA fragment encoding a COOH-terminal portion of 
£&Gn-T2 (amino adds 81-397) was amplified by FOR using primers 
6'-CAGGGATCCAGCCAAGAAAAAAATGGAAAAGGOGA-3' and 5'-A- 
TCC GATAGG GGCCGCTTAGG ATTTTAAATGAGCACTCTGCA^ ' , 
digested with BamSl and Notl, and inserted between the JBomHI and 
Notl sites of pVL1393-F2 to yield P VL1398-F2G2. pVLl393-F2 is an 
expression vector derived from pYLlS93 (Pharmingen) and contains a 
fragment friending the signal peptide of human immunoglobulin k 
(MHFQVQIFSFLLISASVIMSRG) and the FLAG peptide (DYKD- 
DDDK). Joining in-frame a cDNA fragment with a unique BamBl site 
of pVL1898-F2 just downstream of the COOH terminus of the FLAG 
peptide enables the cDNA product to be secreted as a protein fused to 
the FLAG peptide. A 1.0-kb DNA fragment encoding a COOH-terminal 
portion of £3Gn-T3 (amino adds 38-872) was amplified by PGR using 
primers 5'-CGCGK>ATCCTCCCCACGGTCCGTGGACCAG-S' and 5'-A- 
TAGTTTAGCGGC CGC GGAAGGrGCTC AGO AGCGTC G-3 ' , digested 
with BamHl and Natl, and inserted between the BamKL and Notl sites 
of pVLl393-F2 to yield pVL1393-F2G3. A O.fl-kb DNA fragment encod- 
ing a COOH-terminal portion of £3Gn-T4 (amino acids 58-378) was 
amplified by PCR using primers 5 ' -ATAAGATCTGC AGGAGACCCCA- 
CGGCCCACC-8' and 5 '-ATAGTTATGG GGGC GGCTCAGGCTGTTGG- 
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CCAACCCAC-3', digested with BglTL and Notl, inserted between the 
Barrim and Notl sites of pVL1398-F2 to yield pVL1898-F2G4. The 
PCIUamplified portions of pVL1593-F2G2, pVLl893-F2G3, and 
pVLlS9S-F2G4 were sequenced to confirm the absence of possible FOR 
errors. 

S£9 insect cells were cotransfected with BaculoGold viral DNA 
(Pnarmingen) according to the inanuiacturer's instruction and each of 
plaamids P-VL1893-F2G2, pVLl39S-F2GS, and pVL139S-F2G4 and 
were incubated for 3 days at 27 °C to produce individual recombinant 
viruses. These viruses were amplified three times to reach titers of 
plaque-forming units/ml. Sf2l insect cells (4 X 10 7 celk; Pharm- 
ingen) were infected at a multiplicity of 10 and incubated in 80 ml of 
TNM-FH insect medium at 27 °C for 72 h to yield conditioned medium 
including recombinant /33Gn-T proteins fused to the FLAG peptide, 
which were readily purified by an ti -FLAG Ml antibody resin (Sigma) 
according to the protocol of the manufacturer. Briefly, the culture 
medium (80 ml) was collected by eentrifugation and added to NaCl (150 
mM fi"fl1 concentration), NaN s (0.1% final concentration), and Ml an- 
tibody resin (80 ul) to adsorb the recombinant 0SGn-T proteins on the 
resin. The resin was recovered by centrifugation and washed three 
times with bufler (1 ml) consisting of 60 mM Tris-HCl (pH 7,4), 160 mM 
NaCl, and 1 mM CaCl 2 . The recombinant £SGn-T proteins were eluted 
with buffer (90 ul) consisting of 60 mM Tris-HCl (pH 7.4), 150 mM NaCl, 
and 2 mM EDTA, followed by the addition of CaCl^ (4 mM final concen- 
tration), and stored at 4 °C until use. The amount of the purified 
proteins was not enough for accurate quantification. 

Silver Staining and Western Blot Analysis — The enzyme* purified 
above (8 /ul) were subjected to SDB-pelyacrylsmide gel electrophoresis, 
followed by silver staining or Western blot analysis. Silver staining was 
performed using a silver staining kit (Wako Byproducts). Proteins 
separated on 6% SDS-polyacryl amide gel were transferred to an poly- 
vinylidene difluoride membrane (Immobilan, Milh'pare Corp.) in a 
Trans-Blot SD cell (Bio -Had). The membrane was blocked with phos- 
phate-buffered saline containing 5% skim milk at 4 b C overnight and 
then incubated with 10 ug/ml M2 antibody (Sigma). The membrane was 
stained with ECL Western blot detection reagents (Amersham Phar- 
macia Biotech) according to the manufacturer's instructions. 

OLycusyltram/hraae Assays and Product Characterization— The N- 
acetylglucosaminyl transferase activities of the purified proteins (15 jul) 
were assayed in 50 mM MOPS (pH 7.6), 6 mM MgClg, 5 mM UDP- 
GlcNAc, and 10 mM unlabeled acceptors (a total volume of 40 fiD. The 
following oligosaccharides were used as acceptors; lactose (Galpl- 
4Glo), JV- acetyilaotos amine (GaljBl-4GloNAc), lecto-JS^neotetraose 
(LNnT; GaI/U-4GlcNAc01-8Gal£l-4Glc), n-lacto-iST-neohexaose (p- 
LNnH; Galj81-4GloNAc^l^Gal^l-4Gl<^Acpi-3Gali31^4Glc), and 
lacto-AT-tetraoBe (LNT; GaIpl^GlcNAc£l-3Gsl01-4Glc). LNnT and 
LNT were purchased from Oxford Glycosystems. Lactose and p-LNnH 
were purchased from Sigma. Parallel reactions were done in the ab- 
sence of UDP-GIcNAc to identify products. After incubation at 87 a C for 
the appropriate times (2 h for 03Gn-T2 and 16 h for 0SGn-T3 and -T4), 
the reactions were terminated by bailing. After rentrifiigation, the 
reaction mixtures were analysed by high-pH anion-exchange chroma- 
tography with pulsed amperometxic detection (HPAE/PAD, Dinnex 
Corp.). OarboPac PA10 was used as a column, and elution was per- 
formed with a gradient of 40-125 mM NaOH in 80 min at a flow rate of 
1 ml/min. The structures of the reaction products derived from lactose 
and LNnT were confirmed by comparison of their retention times on 
HPLC with those of the standard oligosaccharides GlcNAc£l-3Gal01- 
4Glc and GIcNAoj3l-3GaliSl-4GlcNAc/3l-2Gal^l-4Glc, which were 
prepared from LNnT and p-LNnH by digestion with jack bean 
p-galaetosidase. 

To further confirm the structure of the reaction product derived from 
lactose, it was digested with endo-0-galactosidase or modified by 01,4- 
galactosyltransferase. To avoid the inhibitory effect of MOPS on endo- 
0-gaIactosidase, an 7^-acetylglucosaminyltransf erase assay was done 
without MOPS using lactose as an acceptor. The reaction was stopped 
by boiling, and the reaction mixture was recovered by centrifugation. 
The reaction mixture (15 ul) was added to acetate buffer (50 mM final 
concentration; pH 5.8) and incubated with 250 milliunitsAnl tfscAe- 
richia freundil endo-0-galactosidase (Seftagaku Kogyo) (14) m a total 
volume of 41 ul at 87 •C for 16 h, followed by analysis with HPAE/PAD 
as described above. Alternatively, the reaction mixture (15 pi) was 
added to Tris-HCl (50 mM final concentration; pH 8.0) and incubated 
with 760 millxunlts/ml bovine milk 01,4-galaetosyltraneferase (Sigma) 
in a total volume of 40 ul at 37 °C for 16 h, followed by analysis with 
HPAE/PAD as described above. 

Eudo-jB-galaotosidase digestion of the product yielded two peaks that 
ccmigrated with the standard oligosaccharides GlcNAcpl-8Gal/3 and 



glucose at a 1:1 molar ratio. These results clearly indicated that the 
product derived from lactose was GlcNAc£l~3 Gal/3 l-4Glc. 

Since the amount of the purified proteins was not enough for accu- 
rate quantification, enzymatic activity is defined as picomoles of accep- 
tor substrate jV^acetylglucosaminylated per ml of culture medium/h. 
The amounts of reaction products were determined from their absorb- 
ance intensities using individual standards. 

Alternatively, the iV'-^i^tylglucoflaxamyltranaferaae activities of the 
purified proteins (l5*/4) were assayed in 200 rnM MOPS (pH 7.5), 530 mM 
MgCls, 20 xnM UDP-GlcNAc, and 50 um pyridylazninated acceptors 
(total volume of 80 ul). As acceptors, the following pyrldylaminated 
ohgosaceharides were used: LNnT, lacto^fucosylpentaose (LNFP) m 
(Gal]3l-.4(Fucal^3)GlcNAc^l^8Gal^l-4Glc) l LNT, LNFP-H (Gal01- 
. 3CFucol-4)GlcNAcj31-3Gali31"4Glc), LNFP-V (Gal/3I-3GlcNAn/3l- 
3Gel£l-4(Fucal-3)Glc), and lacto-AMmicoeylhexaOfle II (Gal^l- 
3(r^icol-4)GlcNAc^l--3Gal^3^4(Fuc«l-3)Glo). After incubation at 
37 6 C for the appropriate times (2 h for £3Gn-T2 and 15 h for p^3Gn-T3 
and -T4), the reactions were terminated by boiling and analyzed by 
HPLC as described previously, with exception that HPLC was per- 
formed at 50 °C with a flow rate of 0.6 ml/min (9, 10). Parallel reactions 
were dons in the absence of UDP-GlcNAc to identify products and to 
check hydrolysis of substrate and product. The oligosaccharides were 
purchased from Oxford Glycosystems and pyridyl fimbriated according to 
the method of Rondo et al. (15). The amounts of products were deter- 
mined from their fluorescence intensities using pyridy laminated lactose 
as a standard. 

The reaction product derived from pyridylaminated LNnT was iden- 
tified by comparison of the retention time on HPLC with that of 
the pyridylaminated standard oligosaccharide GlcNAc01-8Gal01- 
4GlcNAc/31-3Gal01-4Glc, which was prepared from pyridylanwated 
p-LNnH by digestion with jack bean /J-gslacfcgsidase. To further eorifirm 
the structure of the reaction product, the reaction product was modified 
by 01,4-galactosyltransferase to examine whether p-LNnB was pro- 
duced or not, The reaction mixtures (20 ul) was incubated with 20 
milliunits of bovine milk 01,4-galactosyltransfsrase in the presence or 
absence of UDP-Oal (20 mM) in a total volume of SO ul at 37 *C for 15 h 
according to manufacturer's recommendations. The product further 
modified by 01,4-gelactosyltransferase ccmigrated with pyrldylami- 
nated p-LNnH on HPLC. These results indicated that the product was 
pyridylaminated GlcNAc^l-3Gal^l-4GlcNAc^l-3Gal^l-4Glc. The 
galactosyltransferase activities of the purified proteins (15 /4) were 
assayed using pyridylazninated oligosaccharides (GleNAc£l-3Gal£l- 
4Glo and LNnT) as Substrates as described previously (4). 

Preparation and Fractionation of Blood Leukocyte*— Human poly- 
morphonuclear leukocytes, monocyte-enriched population, and lym- 
phocyte-enriched population were obtained as described previously 
(10). 

Quantitative Analysis of the Three f&Qn-T Transcripts in Human 
Tumor Cell Lines and Human Tissues by Competitive RT'PCR — The 
levels of the /33Gn-T2, -T3, and -T4 transcripts were measured by 
competitive RT-PCR as described in detail previously (4, 16). Compet- 
itor DNA plasmids carrying a small deletion within the respective 
cDNA were constructed by appropriate restriction andonucleage diges- 
tion as shown in Table XL For instance, a competitor DNA plasmid for 
measuring 08Gn-T2 transcripts was prepared by deleting the 227-bp 
BcoSU-PflMl fragment in £3Gn-T2 cDNA from the standard DNA 
plasmid pES-£8Cm T2, 

Single strand cDNAs were synthesized with an oligo(dT) primer from 
6 ug of DNase 1-treated total RNA from human tissues (colon, jejunum, 
stomach body, stomach antrum, and esophagus) and cell lines (HL-60 
and Colo205) as described previously (4). Single strand cDNAe from 
human leukocytes were prepared as described (10). In addition, single 
strand cDNAs were synthesized with an oligo(dT) primer from 1 jug of 
polyCA)* RNAs from 35 human tissues (CLONTECH) using a Super- 
script™ pr a- amplification system for first strand cDNA synthesis (Life 
Technologies, Inc.) according to manufacturer's instructions. After 
cDNA synthesis, the reaction mixture was diluted 50-fold with HaO and 
then stored at —SO °C until use. 

Competitive RT-PCR was performed with AmpliTaq Gold™ 
(PerkinEImer Life Sciences). The "annealing temperatures and specific 
primers usepi are listed in Table U, The amount of each of the /53Gn-T 
transcripts was normalized by the amount of 0-actin transcripts (4, 16). 

Determination of Chromosomal Localization — The chromosomal lo- 
calisations of the £8Gn-T2, -T8, and -T4 genes were determined using 
3 '-EST mapping data (NCEI Protein Database). The chromosomal lo- 
calization of the ^8Gal-Tl gene was determined by PCR analysis using 
a series of genomic DNAs from hamster-human somatic hybrids (BIO- 
SMAP™ Somatic Cell Hybrid PCRable™ DNAs, BIOS Laboratories) 
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Target Re&O 



Primer aeta 



Bizes of FCR products 



Target 



Ccimpetitoj" 



Restriction rama^S 
for competitor ONA 



Anne aim ^ 
temperature 



T 



03Gn-T2 
Forward 
Reverse 

0SG&-T8 
Forward 
Revarfi© 

j33Gn-T4 
Forward 
Reverse 



5 ' - 3AG AAGTTCTGGAAOATATC ?AC C - 3 ' 
5 ' -CTATTCAAGTAATTCAOGATGTGA- 3 ' 


646 


419 


BcoBlI-PflMl 


56 


5'-GTGCGATGCCAACACCTCTATGGT-3 ' 
5 ' -TCCTGCAGQTAQAAOACCATGTTG-3 ' 


498 


312 




66 


5 ' - GTCTCTTCTTGACCTATCGTCACT- 3 ' 
5 ' -AQTTCAGCATCTTCGATOATAQCC- 3 ' 


619 


399 


TthllllJfarl 


65 
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and specific primers (5 '-TTCAGC CAC CTAACAGTTGCCA008 ' and 
6'-ATACCTTCTTCOTGCK?rTGQTGGAG-30. The predicted fragment 
of 496 bp was amplified only when genomic DNA from a hybrid con- 
taining human chromosome 2 (hybrid 862) was used, indicating that 
this gene is located on chromosome 2. 

RESULTS 

Identification and Isolation of p$Gn-T2, *T3, and -T4 — A 
homology search in the EST division of the GenEank™/EEl 
Data Bank using the FrameSearch algorithm revealed the 
existence of six types of cDNAs encoding proteins with low but 
significant similarity to /33Gal-Tl, three of which have been 
reported recently to be p3Gal-T2, -TS, and -T4 (2, 3). Based on 
the nucleotide sequence of the ESTs shown in Table I, we 
prepared specific probes and isolated three types of full-length 
cDNAs encoding novel proteins (designated 03Gn-T2, -T3, and 
-T4) of 897, 872, and 378 amino acid residues, respectively, 
with structural simuarity" to jSSGal-Tl. /SSGn-T2 and '-TS 
cDNAs were obtained from human gastric mucosa, and 03 Gn- 
T4 cDNA was from the neuroblastoma cell line SK-N-MC, 

A Kyte-Doolittle hydropathy analysis (17) revealed that 
jS8Gn-T2, -TS, and -T4 show type 2 transmembrane topology 
typical of most glycosyltranaferaseB. /J3Gn-T2 is predicted to 
consist of an N-terminal cytoplasmic domain of 9 residues, a 
transmembrane segment of 19 residues, and a stem region and 
catalytic domain of 369 residues. p3Gn-T3 is predicted to con- 
sist of an N-terminal cytoplasmic domain of 11 reaidues, a 
transmembrane segment of 21 residues, and a stem region and 
catalytic domain of 340 residues. The predicted coding region of 
£3Gn-T4 has two potential initiation codons, both of which are 
in agreement with Kozak's rule (18). Therefore, it is predicted 
that j3SGn-T4 is composed of two different N-terminal cytoplas- 
mic domains of 29 and 4 residues, a transmembrane segment of 
20 residues, and 329 residues containing the stem region and 
catalytic domain (Fig. la). 

Fig. 1A shows a multiple alignment of the amino acid se- 
quences of j3SGn-T2, -T3, and -T4 as well as 03Gn-Tl and five 
members of the /33Gal-T family. £SGn-T2, -T3, and -T4 show 
19-24, 22-26, and 22-25% identities, respectively, to the 
03Gal-T family (03Gal-Tl, -T2, -T3, -T5, and -T5), whereas 
they show 15, IS, and 15% identities to 08Gn-Tl. 03Gn-T2, -T3, 
and -T4 show 40-45% identity one another. The sequence 
similarities are limited to the putative catalytic regions. Sev- 
eral sequence motifs conserved in the j33Gal-T family are also 
shared by £8Gn-T2, -T3, and -T4 as well as )3SGn-Tl. Twenty- 
five amino acid residues located separately in the putative 
catalytic regions are identical among all the proteins. Three 
cysteine residues conserved in all members of the 03Gal-T 
family are also maintained in 08Ga-T2, -TS, and -T4, whereas 
two of these are not conserved in £3Gn-Tl (Fig. 1A, white 
arrows), indicating that jS8Gn-Tl is relatively distinct from 
other members, especially in the context of the three-dimen- 
sional structure. There are five potential iV-linked glycosyla- 
tion sites in /33Gn-T2, three in £SGn-T3, and three in 03Gal- 



T4. One site in a highly conserved motif is maintained among 
all the proteins (Fig. 1A, black arrow)- The phylogenetic tree of 
these proteins generated using the amino acid sequences of the 
putative catalytic domains demonstrates that /33Gn-T2, -T8, 
and -T4 form a subgroup, indicating that they have similar 
enzymatic activity (Fig. IB). 

Production of Secreted Recombinant Proteins Fused to the 
FLAG Peptide — To examine the enzymatic activities of jSSGn- 
T2, -T3, and -T4, we expressed the putative catalytic domain of 
each enzyme (amino acids 31-397 of )SSGn-T2, amino acids 
38-372 of j38Gn-T3, and amino acids 56-378 of p3Gn-T4) as a 
secreted protein fused to the FLAG peptide in S£21 insect cells. 
The FLAG-fused recombinant proteins were partially purified 
using anti-FLAG Ml antibody resin and analyzed by SDS- 
polyacrylamide gel electrophoresis, followed by silver staining 
(Fig. 2A) or Western blotting using anti-FLAG monoclonal an- 
tibody (Fig. 2S) k Two major bands with apparent molecular 
masses of 45.5 and 48 kDa, broad bands of 42-45 kDa, and two 
major bands of 37.6 and 40 kDa were observed specifically for 
03Gn-T2, -T3, and -T4, respectively. The FLAG-fused recombi- 
nant proteins for j3SGn-T2, -T3, and -T4 have predicted molec- 
ular masses of 43,674, 39,507, and 37,603 Da for the respective 
polypeptides, indicating glycosylation of the recombinant pro- 
teins produced by insect cells. 

$3Gn-T2, -T3 S and -T4Are $l,3-N-AcetylgluGOsaTninyltrans* 
/erases— The glycoeyltransferase activities of the partially pu- 
rified FLAG-fused recombinant proteins were e xamin ed, When 
lactose was used as an acceptor, j33Ga-T2, -T3, and -T4 showed 
a significant amount of AT-acetylglucoeammyltransferase activ- 
ity, whereas no activity was detected in a sample prepared from 
the conditioned medium of insect cells infected with empty 
vector virus. The structure of the product was estimated to he 
GlcNAjc01-SGal01-4Glc by comparing the retention time on 
HPLC with that of the standard oligosaccharide (Fig. SLA). To 
further confirm the structure of the product, it was digested 
with endo-jS-gslactosidase or modified by pl^4-galactosyltrans- 
ferase. Digestion of the product by E. freundii endo-jS-galacto- 
sidase yielded two peaks comigrating with the standard oligo- 
saccharides GlcNAc/31-3Gal and glucose at a 1:1 molar ratio 
(Fig. 3, compare A and £). Modification of the product by bovine 
milk 01,4-galactosyltransferase yielded a peak conrigratxng 
with LNnT (Fig. 3, compare A and C). These results clearly 
indicated that the product was GlcNAc01-3GaI/91-4Glc. 

On the other hand, /33Gn-T2, -T3, and -T4 showed no J81 p 8- 
galactosyltransferase activity for GlcNAc)Sl-3Gal/31-4Glc or 
LNnT. Taken together, jS8Gn-T2, -T3, and -T4 were demon- 
strated to be novel /31 , S-iV'-acetylglucos aniinyltransf erases . 

Substrate Specificity of£3Gn~T2, -T3, and -T4— Analysis of 
the substrate specificity of /33Gn-T2, -TS, and -T4 revealed that 
these enzymes utilized common oligosaccharides as substrates, 
but the substrate preference was significantly different (Tables 
HI and IV). /33Gn-T2 and -T4 showed more preferential activity 
for LNnT than for LNT, which is consistent with the nature of 
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FIG- 1. Comparison of novel £3Gn-To with ^8Qn-Tl and the pSGal-T family. A, multiple sequence analysis (CiustalX) of the £3Gn-T 
family (02Gn-Tl, -T2, -TS, and -T4) and the 33Gal-T family (£8Gal-Tl, -T2, -T3 ( -T4, and -Tfi). Introduced gape are shewn by hyphens. The putative 
transmembrane domains are underlined. Asterisks Indicate identical anrtwn acids in all proteins. Conserved amino adds are shown by colons, 
Cysteine residues conserved in all the proteins or subgroups are shaded. The white arrvwa indicate cysteine residues conserved in all the proteins 
except for £8Qn-Tl. The black arrow indicates the conserved possible iST-glycoaylation site. B, phylogenetic tree of the 03Gn-T and £8Gal-T families. 
The phylo genetic tree was produced with CiustalX presented in A using amino acid sequences of the predicted catalytic domains. The chromosomal 
localizations of the respective genes, except for the 03Gn-Tl gene, are indicated in parentheses (Reft. 4 and 49 and this study). 



/38Gn-Tl and iQnT (7, 8). In contrast, /33Gn-T3 utilized LNT as 
a substrate comparable to LNnT. In common, fticosylation at 
tbe penultimate GlcNAc residue in LNnT or LNT yielded poor 
aubstxates .(LNFP-IEC, LNFP-II, and laiJto-iV'-ditucos^mexaose 
ID. LNFP-V, which is an LNT derivative facosylated at the 
reducing terminal glucose residue, was a relatively good sub- 
strate for j38Go-T2 compared with LOT. 



£8Gn-T2- transferred GlcNAc efficiently to both lactose and 
p-LNuH, as well as LNnT, whereas the relative activity N- 
acetyUactosamine was 21% compared with that of LNnT. 
03On-T3 preferred lactose (235% relative activity) as a sub- 
strate, followed by LNnT (100%) and p-LNaH (45%), whereas it 
showed no activity for iV-acetyUactosamine. 03Gn-T4 showed 
33, 9, and 0% relative activities for lactose, JV-acetyllac- 
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—220 kPa 

— 97.4 kDa 
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M»t — 46.0 kDa 



—30.0 kDa 

FlG. 2. SDS-polyacrylamide gel electrophoresis analysis of the 
secreted recombinant enzymes. Hie FLAG-fused secreted proteins 
fcr /3SGal-T2 (Jcvte* i), *tf3 {tones 2\ and -T3 (fanes 5) wera purified by 
anti-FLAG antibody resin and subjected to SDS-polyacrylamide gel 
elactrophoresis, followed by silver staining (A) or Western Wotting 
using anta-FLAG antibody M2 (B). 
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FlO. 3, HPLC analysis of the reaction product generated from 
lactose by recombinant /JSGn-TS. A t the A^acetylglucosaiuinyltrans- 
farase activity of the purified £3Gn-T2 protein was assayed using lac- 
tose (Gal/31- 4Glc) as an acceptor. The reaction mixture was analyzed 
using high-pH anion-exch&nge chromatography with pulsed ampero- 
metric detection. The peaks for substrate lactose and the generated 
product are labeled 8 andi>, respectively. Arrow 1 indicates the elution 
position of the standard oligosaccharide GlcNAc/31-SGal0l-4GIc< 
Based on the elution position, the peak indicated by the asterisk seems 
to be GIcNAc, which may be a degradation product of UDP-GlcNAc. The 
peak with a retention time of 2-8 min may be glycerol, which appeared 
in the absence of UPP-GlcNAc. B t the reaction mixture described in A 
was analyzed after digestion with endc-0-galactosidase. Arrows 2 and 3 
indicate the elution positions of the standard oligosaccharides 
GlcNAcpl-SGal and glucose, respectively. C, the reaction mixture de- 
scribed in A was analyzed after galactoaylation with /91,4-gelactosyl- 
transferase. Arrow 4 indicates the elution position of the standard 
oUgosawharide LNnT (Gal01-4GlcNAcj31-3Galj9X-4Glc). Based on the 
elution position, the peak indicated by the double asterisks seems to be 
Gal£l-4GlcNAo, which would be a galactoaylation product of GIcNAc 
indicated by the asterisk in A. 

toaarnine, and p-LNnH, reap actively, compared with LNnT 
(100%)! /33Gn-Tl was reported to efficiently utilize iV-acetyllac- 
toaarnine as well as lactose (Table HI), showing a significant 



difference in substrate specificity compared with /SSGn-TS, -T3, 
and -T4. 

P2Gn*T2, -T3, and -T4 Each Direct Biosynthesis ofPoly-N- 
acetyUactoBamines in Namalwa KJM-1 Cells—Ho examine the 
in Vivo enzymatic activities of /33Gn-T2, -T8, and -T4, Namalwa 
KJM-1 cells were transfected with pAMo-j33Gn T2, pAMo- 
03Gn T3, pAMo-/3SGn T4, or the empty vector pAMo and ex- 
amined for changes in the surface expression of the" poly-JV- 
acetyllactos amine sugar chains by flow cytometric analyses 
using the anti-i-antigen antibody (Den) and specific lectins 
(LEA and PWM). 

Since Den, LEA, and PWM are likely to recognize non- 
sialylated poly-JV-acetyuactosamines more preferentially 
than sialylated ones, the transfected cells were treated with 
neuraminidase before staining. As shown in Fig. 4, expres- ' 
sion of £3Gn-T2, -T3, or -T4 increased the levels of poly-Jv"- 
acetyUactosamines recognized by Den, LEA, or FWM compared 
witii the vector (pAMo) transfectant, consistent with in vitro 
enzymatic activity. In particular, expression of /S3Gn-TS or -T4 
led to a remarkable increase in reactivity to Den, in contrast to 
the slight increase in the /33Gn-T2 transfectant. On the other 
hand, reactivity to LEA or PWM was increased in the 03Gn-T2 
transfectant more clearly than in the other two transfectante. 
These results indicate that 08G&-T2, -T3, and -T4 each are 
involved in the biosynthesis of p oly-2V- acetyllacrto samine sugar 
chains in transfected cells. 

Expression Levels of the pSGn-TS, -T3, and -T4 Transcripts— 
The expression levels of the 03Gm-T2, -T8, and -T4 transcripts 
were examined by competitive RT-PCR. These genes were dif- 
ferentially expressed in human tissues and cells (Table V). 
j35Gn-T2 was ubiquitously expressed in the tissues and cells 
tested, but expression of /33Gn-T3 and -T4 was relatively re- 
stricted. j38Gn-T3 was expressed in colon, jejunum, stomach 
(body and antrum), esophagus, placenta, and trachea. j38Gn-T4 
was mainly expressed in brain tissues such as whole brain, 
hippocampus, amygdala, cerebellum, and caudate nucleus, as 
well as in colon, esophagus, and kidney. 

01,3 -iV- Ac etylglucos sminyltransfer ase activities were de- 
tected in several tissues, cells, and sera, some of which were 
characterized using partially purified enzymes (19-28). Poly- 
N-acetyuaitosamines are known to serve as backbone oligosac- 
charides for presenting' the sialyi-Le* and sialyl-Le Q determi- 
nants, which function as selectin ligands in leukocytes and 
several cancer cells such as colon cancer cells (29—40). The 
human pro myelocytic leukemia cell line HL-60 and the human 
colon adenocarcinoma cell line Colo2Q5 are known to express 
pl,S-iV"-acetylglucOsarninyltrarisfeTase activities as well as 
poly-2v*-acety]lactOBaTriiTies presenting the sialyl-Le n and sialyl- 
Le? determinants. Therefore, it was of significant interest to 
examine the expression levels of 03Gn-T2, -T3, and -T4 in 
leukocytes and cancer cells such as HL-60 and Colo205. jSSGn- 
T2, but not 03Gn-T3 and -T4, was significantly expressed in 
HL-60 and Namalwa KJM-1 cells (Table V) as well as in human 
peripheral polymorphonuclear cells and lymphocytes (data not 
shown). On the other hand, j38Gn-T2 and -T3, but not j93Gn-T4, 
were highly expressed in the colon cancer cell line Colo206 
(Table V). 

DISCUSSION 

In this study, we identified three novel ^l.S-A^acetylglu- 
cosaminyltransferases (j93Gn-T2, -T3, and -T4) that show 
structural similarity to /33Gn-Tl as well as the J33Gal-T family, 
including five members (/33Gal-Tl, -T2, -T3, -T4, and T5X dem- 
onstrating the existence of a /38Gn-T family now consisting of 
four members (03Gn-Tl, -T2, -T3, and -T4). The existence of 
the multiple enzymes showing similar activity is a common 
feature of glycosyltransferases, which was demonstrated for 
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Table HI 

Analysis of substrate specificity of p3Qn-T2, -T3, and -T4 using pyridylaminated oligosaccharides as substrates 
Assay conditions were described under "Experimental Procedures." Activities are expressed as a percentage of the activity for pyridyl ^mkiated 
LNnT. The activities of 03Gn-T2, -T3, and -T4 for pyridylarninated LNnT were 880, 7.1, and 1.9 pnwtfml of medium/h, respectively, LNDFH-n, 



lactoW^dinicoBylhdxaose II. 





Structure 








Relative activity 




Substrate 


/ 


3SGn-T3 


0SGA-T8 


0SGO-T4 


LNnT 

LNFP-III 

LOT 

LNIT-H 

LNFP-V 

LNDFH-H 


Gal/31-iGlcNAc31-5Gal/Sl-4Qlc 

Gkl^l^(Puoal-^XJlcNAc^l-8Gal^l-4Gle 

Gal01~3GlcNAc|3l-3Gal£l-4Glc 

Gal^l^3OPucal-4)QlcNAc01-8Gal^l-4Glc 

Galj3l-eOicNAc^l-8Qal^l-4(Fucocl-5)Glc 

Gal^l-2(Fucal-4)GIcNAc/31-SGal^l-4(Pucal-3)Glc 




100 
0 
4 
0 
81 
0 




% 

100 
5 
65 
0 
65 
0 


100 
7 
6 
0 
8 
0 


Table IV 

Analysis of substrate specificity of pSQn-TZ, -T3, and -T4 using unlabeled oligosaccharides as substrates 
Assay conditions were described under "Experimental Procedures." Activities are expressed as a percentage of the activity for LNnT. The 
activities of£8Gn-T2, -T3, and -T4 for LNnT were 4900, 280, and 420 pmol/ml of medium/h. respectively. The activity of£SGn-Tl was quoted from 
Ref. 7. LacNAc, N-acetyllactoa amine; ND, not determined. 


Substrate 


Structure 






Relative activity 




/38Qa-T3 




0SQoVT3 


fiSQn-T4 


/33QdVT1 


LNnT 

Lactose 

LacNAc 

LNT 

p-UTnH 


Gal^l-4GlcNAopl-3Gal^l-4GIc 
GaljSl^GlcNAc 

Gal0l-3GlcNAc£l-3Gal01-4Glc 
G^l-^GlcNAc^l-3Gal^l-^GlcNAoj31~3Gal^l^Glc 


100 
128 
21 
27 
132 




100 
235 
0 
114 
46 


100 
33 
9 
0 
0 


100 
67 
9* 
6 

ND 



Gal «2, 8 -sialyltransferases I-VT (9, 41-47, 49-52), GalNAc 
a2,6-sialyltransferases I-VI (58-58), NeuAc a2,6-sialyltran6- 
ferases I-V (59-69), al,3-fucosyltransferaflea HI-VH and DC 
(10, 70-75, 77, 78)), core 2 ^l,6^acetylgluxosainiiiyltraiifi' 
ferasee 1-8 (79-82), large I ^l,6-2v*-acetylglucosarniriyltranfl- 
ferasea (S3), polypeptide JV-acetylgalaciMsarninyltransferaaea, 
(84-91), £l,4-galactc*yltransferases 1-7 (92-100), and /Bl,3- 
galactosyltransferaees 1-5 (1-4). Discovery of the jBSGn-T fam- 
ily in this study has clearly demonstrated a new feature of 
glycosyltransferases, that the £8Gta'T and 03Gal-T families 
show structural similarity despite of differences in both the 
transfer sugar (GlcNAc versus Gal) and the acceptor sugar (Gal 
versus GlcNAc). 

We constructed the secreted recombinant proteins for /33Gn- 
T2, ~T3, and -T4 fused to the FLAG peptide. Western blot 
analysis using anti-FLAG antibody revealed that the secreted 
enzymes were successfully produced by insect cells and were 
readily recovered by anti-FLAG Ml antibody resin. The FLAG- 
fused proteins adsorbed to the resin were ©luted under mild 
conditions using buffer containing 2 nun EDTA. Since the 
eluted proteins showed activity comparative to that of the 
adsorbed proteins, it was confirmed that EDTA treatment did 
not damage the enzymes (data not shown). The molecular 
masses of the recovered proteins were equal to or larger than 
the predicted ones for their polypeptides, indicating some gly- 
cosylation and no significant degradation of the recovered 
proteins. 

All of the recombinant proteins showed Gal 01,3-iV-acetyl- 
galactosarmnyltransferase activity for common oligosaccha- 
rides, whereas their substrate preference was significantly dif- 
ferent. Since the amount of the recombinant proteins used in 
this study was not enough for determination of the protein 
concentration, we could not precisely compare the relative ac- 
tivities of the enzymes. However, the relative activities of 
0SGn/T2 for LNnT, lactose, Gal/3 l-4GlcNAe, and jP-LNnH 
seemed to be higher than those of other enzymes (Tables TTT 
and IV). Considering the variety of acceptor substrates and the 
different reactivities of the trahsfected cells to anti-i-antigen 
antibody or PWM and LEA lectins, the higher activity of p$Gn- 



T2 for these oligosaccharides may reflect substrate specificity. 

To date, £3Gn-T activities have been detected in several 
tissues, cells, and sera, some of which were characterized using 
partially purified enzymes (19-28). Based on the substrate 
specificity, /3SGn-Tl, but not /33Gn-T2, -T3, and -T4, may cor- 
respond to a £3Gn-T partially purified from calf serum. 03 Gn- 
T2 and -T4 showed more preferential activity for LNnT than for 
LNT, which was similar to the nature of the calf serum enzyme 
as well as p3Gn-Tl'and iGnT (7, 8, 26); however, 03Gn-T2 and 
-T4 were distinguished from the calf serum enzyme and jSSGn- 
Tl by the activities for lactose (Gal£l-4Glc) and TV-acetyllac- 
tosamine (Gal/3 l-4GlcNAc) (Table IV). On the other hand, 
03Gn-T3 is quite unique since it showed activity for LNT com- 
parable to LNnT. It has been reported that human colon cancer 
tissues and the colon cancer cell line Colo205 contain cancer- 
associated glycosphingolipids with dimeric Le tt antigens 
(Gal/31-3(I^icc<l-4)Glc^Ac 

(101). Considering the substrate specificity and expression in 
colon tissues and Colo205 cells, 08Gn-T3 is likely to be the most 
probable candidate involved in the biosynthesis of the back- 
bone structure of dimeric Le n (Gal/31-3GlcNAc/31-3Gal01- 
SGlcNAc). On the other hand, it is difficult to ascribe the 
/3SGn-T activities detected in crude samples to the isolated 
03Gn-Ts (03Gn-Tl, -T2, -T3, and -T4 or iGnT) because of the 
following reasons: differences in experimental conditions such 
as substrates used, the possibility of the existence of multiple 
j93Gri-Ts in the crude samples, and the possibility of the exist- 
ence of additional unidentified /3SGn-Ts. 

Analysis of substrate specificity revealed that 03Gn-T2, ~T8, 
and -T4 each could be involved in the initiation and elongation 
of poly-JV-acetyllactosamine synthesis by itself, which was dem- 
onstrated by increased expression ofpoly-N-acetyUactoeamines 
in the transfected cells. The different reactivities of the respec- 
tive transfectants to the anti-i- antigen antibody or LEA and 
PWM lectins may reflect the preference of the antibody and 
lectins as well as substrate specificity of these enzymes. On the 
other hand, expression cf two or more 03Gu-Ts in the same cell, 
which was clearly demonstrated for Colo20E> cells, indicates 
that poVJV'-acetyllactosamine sugar chains might be synthe- 
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Fig. 4. Flow cytometric analysis of Namalwa KJM-1 cells stably troisfected with 03Gn-T2, -TS, or -T4 oDNA. Namalwa KJM-1 cells 
were stably transacted with plasmid pAMo-^SQn T2, pAMo-/3SGa T3, or pAMc-£SGn T4, which directs expression of 03Gn-T2, -TS, or -T4, 
respectively, or with the empty vector pAMo. These cells were stained with anti-i-antigen antiserum or poly-iV-acetyllactosfimaine-iecogmsiiis 
lectins (LEA or PWM) and sufctf acted to flow cytometric analysis as described under "Experimental Procedures* (thick lines). As controls, the 
transfectante were stained with phosphate-buffered saline (thin Urum), 



sized by the concerted action of multiple /38Gn-Ts* Since Na- 
malwa KJM-1 cells express endogenous jS3Gn-T2, at least two 
/33Gn-Ts may be involved in the biosynthesis of poly-iV- 
acelyllactoaamines in the 03On-TS or 08Gn-T4 tranefeetants. 

The phylogenetic analysis using: the amino acid sequences of 
the putative catalytic damains indicated that the members of 
the /3SGal-T and 03Gn-T families are clustered into the follow- 
ing four subgroups": '^3 Gal-Tl, -T2, -T3, and -T5; £8Gn-T2, -T8, 
and -T4; £SGal-T4; and /33Gn-Tl CFig. 16). Whereas £3Gal-Tl, 
-T2, -T3, and -T5 catalyze the formation of the Gal/3k-3GlcNAc 
structure, 03Gal-T4 forms the Gal/31-3 GalNAc structure, indi- 
cating that enzymatic activity may reflect structural similarity. 
/33Gn-Tl was reported to have /33Gn-T activity (7); however, 
03Gn-T2, -T3, and -T4 resemble the j33Gal-T family rather 
than jB3Gn-Tl. In addition, /33Gn-Tl is structurally distinct 
from the other members of the 08Gn-T and j3SGal-T families 
because it does not have 2 of the 3 cysteine residues conserved 
by all the other members. There was no direct relationship 
between the subgroups and chromosomal localizations of the 
genes (Fig. IB). /33Gn-Tl, -T2, -T3, and -T4 exhibited no struc- 
tural similarity to another type of 03Gn-T (named iGnT) that 
was isolated by expression cloning using the anti-i- antigen 
antibody, suggesting that the in vivo substrate specificity of 
iGnT might be quite different from that of other £3Gr>Ts. 

In this study, we isolated three types of novel /33Gn-T genes, 
which enabled us to discriminate the respective enzymes at the 
molecular level. Considering the enzymatic activities in vitro 
and in vivo as well as the expression patterns of the j33Gn-Ts, 
the respective enzymes are likely to play different roles. The 
poly-iv"-acetyUactosainine or GlcNAc/31-3Gai structure appears 
in glycoUpids, keratan sulfate proteoglycans, and human milk 



oligosaccharides, in addition to iV- and O-glycans of glycopro- 
teins. Therefore, the existence of multiple 08Gn-Ts is not 
strange. It remains to be determined which /33Gn-T makes 
which types of sugar chains. Poly-N-acetyUactosamines are 
known to be synthesized at various positions by the concerted 
action of several glycosyltransferases required for the elonga- 
tion or formation of specific sugar branches preferred by elon- 
gation enzymes. For example* poly-iV-acelyUactosaminea are 
preferentially formed in the specific branch in complex type 
iV-glycans, which are formed by pl,6-iV-acetylglucosaminyl- 
transferase V (102). In addition, core 2 01,6-N-acatylglucosami- 
nyltransferases 1 and 2 and large 1 01,6-N~acetylglucosaminyl- 
transferases are branching enzymes critical for elongation with 
poly-7^-acetyllactos amines (48, SO, 81, 103-105). Discovery of 
the multiple /33Gn-Ts in addition to other multiple glycosyl- 
transferases involved in the biosynthesis of poly-iv*-acetyllac- 
tosaminea (e.#, /31,4-galactosyltransferases, /33Gal-Ts, pi,S-N- 
acetylglucwaminyltransferase V, core 2 /31,6-iV-acetylgluCOS- 
ajninyltransf erases, and large I /31,6-N-acetylglucosaininyl- 
transferases) indicates that regulation of poly-iV-acetyllac- 
tosamine synthesis may be more complex than previously rec- 
ognized. Definitive determination of the enzymatic activities 
and expression patterns of the £8Gn-Ts as well as experiments 
using knockout mice may provide insight into their functions in 
physiological and pathological processes. 

Recently, Amado et oi. (76) have reported the existence of 
four additional members of the /33Gal-T family, although their 
enzymatic activities were not determined. Based on the char- 
acteristics of the primary structures and chromosomal localiza- 
tions, three of them may correspond to 03Gal-T2, -T3, and -T4. 
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Table V 

Quantitative analysis oftranscriptB ofP3Gn*T2, 'T3„ and *T4 in 
various human tissues and tells by competitive RT-PCR 

B&lctivc amount of 08Gn-T transcript 



Cell name 




88Qn-T3 


£BGn-T4 






fl3Qn-T/ $-actin X 10* 




Adrenal gland 


10 


<0.1 


<0,1 


wnoie Drain 


3 7 


<:0 l 


0.6 


iJIW amygaais. 




<0.1 


0.6 


Brain ca.nos.Lo nucleus 


11 

AJL 


<Q 1 

SUil 


0 1 


flfaia cBxauyiiuijj. 


6.4 


<0.1 


0.2 


.□rain corpus csuiosuxn 


2.6 


<0.1 


<0,1 


Brain hippocampus 




^■U. A 


n a 


Drain BUDaWflWo nigra 


6.3 


-—U.A 


<-n 1 

^v.A 


Brain thalamus 




•en t 

•^U.A 


u.a 


Bone marrow 








tr A A y4 


A^ 


<-A 1 
^>»U«A 


<£fi 1 

SU.l 


Kidney 


9.0 






Liver 


a.* 


•CO 1 


^■U. A 


Lung 


R 1 


^.v-A 


SU.l 


uyrapn noao 


ft P 


***U.A 


*^u« j. 


lYiflniHiajy gicLua 


1U 




^A i 


Pancreas 


ZA 


n q 


A 


Pituitary gland 


on 


^fl 1 
^Lf.A 




Placenta 




A 7 


•rfi 1 


Prostate 


<J.O 


A 


•ffl 1 

A 


o aii vary giano 


fi A 
o.o 




<*fl 1 
nU.I 


OJrolBbUl mUBUC 


A. 4 


n a 


<0.1 


onion uuesaa? 




^*u, a 


SU. A 


Htvi na 1 rviiv^ 


8.2 


<0.1 


<0.1 




5) 7 

O. f 


^ V, A 


^f> 1 

^•v.A 


□Wut&Cu 


a 7 


^» v.a 


^■f.A 


ICS bis 


0,0 




^A 1 




4,2 


<0.1 




J. XljTTJlQ 


io.O 


«^A -f 




Trachea 


2.6 


0.6 


<0.1 


Uterus 


2.4 


<0.1 


<o!i 


Fetal brain 


3.8 


<0.1 


0.1 


Fetal kidney 


7.7 


<0.1 


<0.1 


Fetal liver 


10 


<0.1 


<0.1 


Fetal lung 


3.8 


<0.1 


<0.1 


Colon 


14 


7.5 


0.4 


Esophagus 


4.2 


LS 


0.3 


Jejunum 


0.46 


2.4 


<0.1 


Stomach body 


1.6 


2.3 


<0.1 


Stomach antrum 


1.1 


1.C 


<ai 


Colo205 


23 


3.0 


<0.1 


HL-60 


5.8 


<0.1 


<0-l 


Namalwa KJM-1 


8.3 


<0.1 


<0.1 



Additional niemberfi of the 03Gn-T and ^3Qal-T families re- 
main to be investigated. 
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Note Added in Proofi— Recently, Zhou et aL (7) have corrected the 
nucleotide sequence and deduced amino acid sequence of the ^1,8-i^- 
acetylglucosannnyltransterase (pSGn/Tl) cDNA that they had previ- 
ously published (see "Corrections" in Proc, Nail, Acad. Sci. U.8JL 
(2000) 87, 11678-11975). This developed from an unfortunate cDNA 
done substitution In their laboratory. The corrected sequence of /38Gn- 
Tl was identical to that of 03Gn-T2. Consequently, besides iQnT, there 
are three types of jE&Gn-Ts described to date, not four. The sequence of 
03Gn-Tl used in this paper is that of the corrected, substituted cDNA 
clone. To try to prevent further confusion, we point out this fact but do 
not change the enzyme names used in fthi'a paper. 
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